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My dear Mk. Dawes, 

111 availing myself of your permission to 
dedicate to you an Edition of these Outlines, enriched 
by accounts of several of your own recent discoveries, 
1 sliould ill acquit myself to my own feelings if 1 did 
not add to the expression of that grateful sense of 
3 0ur many and important services to our common 
Science, Avhich every astronomer must acknowledge, 
that of affectionate esteem and regard, the natural 
result of a prolonged and most friendly intercourse. 

Believe me, 

Very (riily yours, 

J. F. W. IIekscuee. 


Collin'^wood, Feb. 15. IS.'iS. 




PUEFACE 


TO 

THE FIKST EDITION. 


The work here offered to the Public is based upon 
and may be considered as an extension, and, it is 
hoped, an improvement of a treatise on the same 
subject, forming Part 43. of the Cabinet Cyclopajdia, 
published in the year 1833. Its object and general 
character are sufficiently stated in the introductory 
chapter of that volume, here reprinted with little 
alteration ; but an opportunity having been afforded 
me by the Proprietors, preparatory to its re-appear- 
ance in a form of more pretension, I have gladly 
availed myself of it, not only to correct some errors 
which, to my regret, subsisted in the former volume, 
but to remodel it altogether (though in complete 
accordandb with its original desigrj as a work of ex- 
planation) ; to introduce much new matter in the 
earlier portions of it ; to re-write, upon a far more 
matured and comprehensive plan, the part relating 
to the lunar and planetary perturbations, and to 
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bring thp subjects of sidereal and nebular astronomy 
to the level of the present state o/ our knowledge in 
those departments. 

The chief novelty in the volutne, as it now stands, 
will be found in the manner in which the subject of 
Perturbations is treated. It is not — it cannot be 
made elementary, in the sense in which that word is 
understood in these days of light reading. The chap- 
ters devoted to it must, therefore, be considered as 
addressed to a class of readers in possession of some- 
what more mathematical knowledj^e than those who 
will find the'rest of the work readilv and easilv ac- 
cessible ; to readers desirous of prej)aring themselves, 
by the possession of a sort of carte du j)ays, for a 
(■ampaign in the most difficult, but at the same time 
tlie most attractive and the most remunerative of all 
the aj^plications of modern geometry. More esj)e- 
eially they may be considered as addressed to students 
in that university, where the “Principia” of Newton 
is not, nor ever will be, put aside as an obsolete 
book, behind the age ; and where the grand though 
rude outlines of the lunar theory, as delivered in the 
eleventh section of that immortal woi'k, are studied 
less for the sake of the theory itself, than for the 
spirit of far-reaching thought, superior to and dis- 
encumbered of technical aids, w'hich distinguishes 
that beyond any other production of the human in- 
tellect. • 

In delivering a rational as distinguished from a 
technical exposition of this subject, however, the 
course pursued by Newton in the section of the 
“ Principia” alluded to, has by no means been servilely 
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followed. As r(!gards the perturbations of the nodes 
and inclinations,' indited, nothing equally luminous 
can ever be substituted for his explanation. But as 
respects the otlier disturbances, the point of view 
chosen by Newton has been abandoned fer another, 
which it is somewhat difficult to perceive wliy he did 
not, himself, select. By a different resolution of the 
disturbing forces from that adopted by him, and by 
tlie aid of a few obvious conclusions from the laws 
of elliptic} motion which would have found their 
, place, naturally and consecutively, as corollaries of 
the seventeenth proposition of his first book (a pro- 
])ositioir Avhich seems almost to have been pre|)ared 
with a special view to this application), tlio moment- 
ary change of place of the upper focus of the dis- 
turbed ellipse is brought distinctly undcu" inspection ; 
and a clearness of conception introducc'd into the 
pertui’bations of the excentricities, perilielia, and 
epochs which tlie author does not think it presump- 
tion to believe can be obtained by no other method, 
and Avhich certainl}’’ is not obtained liy that from 
Avhich it is a departure. It would be out of kecqiing 
Avith the rest of the Avork- to have introduced into 
this part of it any algebraic investigations ; else it 
would liave been easy to show tliat the mode of pro- 
cedure, here folio Aved leads direct, and by steps (for 
the siibjc^ct) of the most elementary character, to the 
general foritiulte for these pevturbafions, delivered 
by Laplace in the Mecanic]^ue Celeste. 

The reader Avill find one class of the lunar and 
planetary ineijualities handled in a very different 


Livre ii. diap. viii. art. 07, 
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manner from that in i^hich their explanation is usu- 
ally presented. It comprehends those which are 
characterized as incident on the epoch, the principal 
among them being the annual and secular equations 
of the moon, and that very delicate and obscure part 
of the pertui'bational theory (so little satisfactory in 
the manner in which it emerges from the analytical 
treatment of tlie subject), the constant or permanent 
effect of the disturbing force in altering the disturbed 
orbit. I will venture to hope that what is here 
stated will tend to remove some rather generally 
diffused misapprehensions as to the true bearings of 
Newton’s explanation of the annual equation.* 

If proof were wanted of the inexhaustible fertility 
of astronomical science in points of novelty and in- 
terest, it would suffice to adduce the addition to the 
list of members of our system of no less than eight 
new planets and satellites during the preparation of 
these sheets for tlie press. Among them is one 
• whose discovery must ever be regarded as one of the 
noblest triumphs of theory. In. the account here 
given of this discovery, I trust to have expressed 
myself with complete impartiality ; and^ in the ex- 
position of the perturbative action on Uranus, by 
which the existence and situation of the disturbing 
planet became revealed to us, I have endeavoured, 
in pursuance of the general plan of this work, rather 
to exhibit a rational view of the dynahiical action, 
than to convey the slightest idea of the conduct of 
those masterpieces of analytical skill which the re- 
searches of Messrs. Lcverrier and Adams exhibit. 


• I’rircipia, lib. i. prop. 66. cor. 6. 
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To the latter of these eminent geometers, as well 
as to iny excelleht.and esteemed friend the Astro- 
nomer Royal, I have to return my best thanks for 
communications which would have (dfectually re- 
lieved some doubts I at one period entertained had 
I not succeeded in the interim in getting clear of 
them as to the compatibility of my views on the 
subject of the annual equation already alluded to, 
with the tenor of Newton’s account of it. To my 
valued friend, Professor De Morgan, I am indebted 
Tor some most ingenious suggestions on the suliject 
of the mistakes committed in the earlj^ working of 
the Julian reformation of the calendar, of winch 1 
should have availed myself, had it not appeared pre- 
fei’able, on mature consideration, to present the sub- 
ject in its simplest form, avoiding altogether entering 
into minutiae of chronological discussion. 


J. F. W. IIbrschkl. 


ColUngwood, April 12. 1849, 




r R E F A C E 

TO 


THE FIFTH EDITION. 


The ra[)id progress of science renders it necessary 
frequently to revise and bring up elcnnentary works 
to the existing state of knowledge, under penalty of 
their becoming obsolete. In former editions of this 
work, this has been done, so far as it could be done 
Atithout incurring the necessity of an almost total 
typographical reconstruction. But Astronomy, witli-’ 
in the last few years, has been enriched by so many 
and such considerable additions, that it has been 
considered* preferable (another edition being called 
for), not indeed to recast the general plan of the 
work, but to incorporate these in it in due order and 
sequence, thereby materially enlarging the volume, 
and giving it in many respects the air of a neAV ivork. 
Ihe articles thus introduced are distinguished from 
those of the former editions between which they have 
been inserted by the addition to the last current 
number of an italic letter — thus, between Arts. 
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394. and 395. will be found inserted 394. a, 394. 5, 
and 394. c. The enclosure of any passage in brackets 
[ ] indicates its having been introduced in the Fourth 
or some subsequent Edition. The index references in 
this as in former editions, being to the articles and not 
to the pages, are thus preserved. Together Avith these 
recent accessions to our knowledge, I have taken the 
opportunity of introducing several things which 
might justly have been noted as deficient in the former 
editions, — as, for instance, the account of the me- 
thods by Avhich the mass of the Earth has been de- 
termined, and that of the successful treatment, and 
it is presumed final subjugation, of those rebellious 
ancient Solar Eclipses which haA'e so much harassed 
astronomers. A brief account of M. Foucault’s re- 
markable pendulum experiments, and of that beau- 
tiful instrument, the gyroscope, is introduced; as are 
also notices of Professor Thomson’s speculations on 
the origin of the Sun’s heat, and his estimate of its 
average expenditure, as aa’^cII as of some curious vieAvs 
of M. Jean Reynaud, on the secular variation of 
our climates, supplementary to those put forward in 
former editions of this work. I could hkve wished 
that its nature and limits Avould have permitted some 
account of Mr. Coopei'’s magnificent contributions to 
sidereal astronomy, in his catalogue of upwards of 
60,000 previously unregistered ecliptic stars ; of Mr. 
Bishop’s ecliptic charts and those of M. Chacornac ; 
of Mr. Carrington’s elaborate circumpolar catalogue j 
and of Mr. Jones’s immense work on the zodiacal 
light, forming the third volume of the account of the 
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United States’ Japan Expedition, which reached me 
too late to allow of drawing up^ a fitting analysis of 
his results. These gentlemen will severally please to 
accept, however, this respectful tribute of iny ad- 
miration for their important labours. Some new 
speculations are also hazarded; as, for instance, on 
the subject of the Moon’s habitability, the cause of 
the acceleration of Encke’s comet, &c., and a few’ 
numerical errors are corrected which have hitherto 
escaped notice and public comment as blemishes, — as 
for example, in some of the numbers in^Art. 422. in 
the explanation of the phaenomena of a lunar eclipse, 
in the evaluation of the total mass of the atmosphere. 
Art. 242., and in the distance of the Moon, Art. 40J. 
(for which, however, I am not answerable). 

In the numerical statement of special astronomical 
elements, it is unavoidable that slightly different 
values of the same quantity should from time to time 
some to be substituted for those before received, as 
its determination acquires additional exactness. To 
have altered tlie .figures in such cases wherever they 
occur, throughout the letter-press, would have, en- 
tailed a great probability of error and confusion ; and, 
as the Synoptic Tables of astrononical elements at 
the end of the work have been carefully revised in 
conformity with the best current authorities, the 
reader is requested, whenever he may observe any 
discrepancf' of this nature, to preVer the tabulated 
values. 

Several of the wood-cuts, which ’were originally 
drawn correctly, have been inverted right hand for 
left,, by the engraver. So far as ex[)lanation goes. 
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this is not-of the slightest moment.* To a reader m 
the SoutlieiTf' Hemisphere, they are’ right as they 
stand ; and one in the Northern has only to imagine 
himself so situated. 

John F, W. Heuschkl. 


Colliiigwood, Feb. 17, 1858. 

Note (arjded in iaf)5.) T'he views rtf ]\I. Ileyuaiid above referred to, tboogli 
no doubt ori rd on hi.s jtart, tire however complet Oy anticipated by certain 
speculations of i r Charles Lyell;, in bis ‘‘Principles .)f Geology,’* (p* 110, Krl. 
of 18130) expai d and fii tber rouse isions identical with tho.se 

of M. Rcynau in a paper- by tl'e author of the prt nt wtirk, “ On the Astro- 
nomical (h'luse? ivhich may inHuence Geologi al Plu lomena,” read helbre the 
Geological Society on December l.'itli 1880, i\ d pulilished in the Transiictions 
of that Society. oThis, however, liad coinple ly escaped liis recollection when 
pero.sing the works of M. Ileynaud referred t in the note to Art. 869- c, which 
occurring wliile the additions to the Fifth Kd tion were in preparation, witli all 
the force of novelty, led to tiieir insertion in .\rt. 8(>9. and to tlie above notice 
of them in the preface. 
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Since the publication of the last edition of this work, 
the progress of astronomical discovery has been con- 
tinuous and rapid ; to keep up with which, so f?,r 
as consistent with its general object, it has been ne- 
cessary to extend some of the Notes added in former 
editions and to annex others. Among these recent 
additions to astronomical know'ledge may be men- 
tioned more especially those which relate to the 
physical constitution of the central body of our own 
system, on which so vast and unexpected an amount 
of information has accumulated from various quarters 
as to place us at the opening out of a new vista of 
solar discovtspy. Within the limits bf our own sys- 
tem, too, the meteorites have at length acquired a 
firm footing as a distinct group of members, while 
their now established and most unexpected connection 
with periodic comets in some instances, presents the 
latter class of bodies under a new aspect, increasing, 
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if anything can increase, the mysterious interest which 
already hangs about them. The group of asteroids, 
too, has received an accession of no less than fifteen 
to their list as it stood at the end of 1866. The 
elements of these are given in the Appendix (from 
the Berlin ‘Ephemeris ’ for 1871), so as to complete 
the list up to the present time. The correction indi- 
cated in a former edition, as required in the distance 
of the sun (and by necessary implication in the 
dimensions of all the planetary orbits and fhe magni- 
tudes of the sun and planets themselves), has more-- 
over received an unexpected confirmation from Mr. 
Stone’s critical re-cxaini nation of the calculations of 
that distance from the recorded observations of the 
celebrated transit of Venus in 1769, the residt of 
which is here brought under the notice of our readers. 

Beyond the limits of our own system, the appli- 
cation of spectrum analysis has disclosed the amazing 
fact of the gaseous constitution of many of the nebulas 
(a constitution long suspected on general cosmo- 
logical grounds) : by which is meant their analogy 
to matter not in that state of luminosity presented by 
the photosphere of our sun, but in that in wdnch are 
maintained the luminous prominences and append- 
ages which fringe its disc in total eclipses, a state to 
which the epithet of incandescent-gaseous as distinct 
I'rom flame or a state of combustion seems most appro- 
priate. Thus a real line of demarcation between 
ncbulaj proper and sidereal clusters is decisively 
drawn. These delicate applications of optical science 
to chemistry have also afforded strong grounds for 
concluding with considerable confidence the presence 
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of several of our terrestrial elementary bodies in the 
sun and fixed stars? 'while in one instance prismatic 
observation has afforded, with a certain approach to 
probability, evidence of the recess of the most con- 
spicuous among them from our system, and even 
supplied a measure of its rapidity. 

J. F. W. Herschel. 

Collingwood, July 17t 1S69. 




LIST OF PLATES, 


J’latk 1. Froifthspiece. 

Ffg. 1. Fjicula> of' the Sun. 

Ff^. 2. Spots on ditto. 

^Fig^. 3. A ppearance of ditto in a total Eclipae, ahowinii; the 
red flames. 

Fig. 4. 5. Spots as seen by Mr. Dawes. 

r^.ATK 11. Fig. i. Messier’s 13th Nebula resolved into Stars, 

Fig. 2. The Comet of 1819, 

Fig. 3. I'he Nebnla iii Andromeda. 

Plate III. Fig. 1. Mars as seen August 16th, 1830. 

Fig. 2. Jupiter as seen September 23rd, 1832. 

^ Fig. 3. Saturn, showing the interior rings and beittf. 

1^ ATE IV. Fig. 1. The great Nebula in Orion. 

Fig. 2. Tlie great Nebula in Argo. 

I^.atk V. Fig. 1. Nebula (30 Doradus) in the Nubecula Major. 

Fig. 2. Lunar Volcano, as shown by a 20 feet reflecting Tc» 
~ lescope, aperture 18 inches. 

fb.ATE VT. Fig. 1. Various Appearances of Halley’s Comet at its last 
Apparition. 

Fig. 2. Double Comet of Biela, as seen on its last return. 

Fig, 3. Messier s 5l3t Nebula as shown by Lord Rosse’s 
great Reflector. 

® -if 

PrA-TK A. Figures illustrative of the Perturbations of Uranus by Nep- 
tune. 

Plate B. Fig. 1. The willow-leaved structure of the sun's photosphere 
Fig. 2. The same in the neighbourhood of a spot. 

Plate C. A portion of the Moon’s surface, from model by Mr. 
Nasmyth 




O-ONTENTS. 


Frbface to the First Edition - - - - Page vii — xi. 

Preface to the Fifth Edition xiii — xvi. 

Preface to the Tenth Edition ------ xvii. 

Introduction 1 

PART L 

CHAPTER T. 


General notions. Apparent and real motions. Sbape and size of tlie 
Earth. The horizon and its dip. The atmosphere. Refraction. Twi- 
light. Appearances resulting from diurnal motion. ’ From change of 
station^ in general. Parallactic motions. Terrestrial parallax. That 
of the stars insensible. First step towards forming an idea of tin? 
distance of the stars. Copernican view of the Earth's motion. Relative 
motion. Motions partly real, partly apparent. Geocentric astronomy, 
or ideal reference of phamomena to the hhirtlfs centre as a common 
conventional station - - - - - - 1 1 

CHAPTER II. 

Terminology and elementary geometrical concejitions and relations. Ter- 
minology relating to the globe of the Earth — to the celestial sphere. 
Celestial perspective - - - - • - 5b 


CHAPTER lU. 

Of the nature of astronomical instruments and observations in general. 
Of sidereal and solar time. Of the measurements of time. Clocks, 
ehronometei s. Of astronomical measurements. Principle of telescopic 
sights to increase the accuracy of pointing. Simplest application of 
this principle. The transit instrument. Of the xneiisureineiit of 
angular intervals. Methods of increasing the accuracy of reading. 
The vernier. The microscope. Of the mural cii'cle. The Meridian 
circle. Fixation of polar and horizontal points. The level, plumb- 
line, artificial horizon. Principle of collimation. Collimator.s of 
Rittenhouse, Kater, and Bohnenberger. Of compound instruments with 
co-ordinate circles. The equatorial, altitude, and azimuth instrument. 
Theodolite, Of the sextant and reflecting circle* Principle of re- 
petition. Of micrometers. Parallel wire micrometer. Princi[)le of tin' 
duplication of images. The heliomcter. Double refracting eye-piece. 
Variable prism micrometer. Of the position micrometer. Illumination 
of wires. Solar telescope and eye-piece. Helioscopy. Collimatiori of 
large reflectors - - - - - - -75 



XXIV 


COXTICN rs. 


CIFAPrER IV. 


OF GKOORAlMir, 


f)f the fi;^ure of the Earth, its exact Uiiuensioiis. Its form that of 
equilibrium modified by centrifugal force. Variation of gravity on ils 
surface. Statical andMynamical measures of gravity. 'Die peiululum. 
Gravity to a spheroid. Other efleots of the Earth’s rot ition. Trade 
winds. Veering of the winds. Cyclones. Foucault’s pendulum. The 
gyroscope. Determination of geographical positions — of latitudes — of 
longitudes. Conduct of a trigonometrical survey. Of maps. Fro- 
• jcctions of the .sphere. Aleasuremont of heights by the barometer. 

Page 1‘29 


CIIAF'I EH V. 


or rRAN(>(;a Arnv. 


Const ruel ion of* celestial maps and globes l)y observations of right ascen- 
sion and declination. Celestial objects distinguished into fi.xed and 
erratic. Of the consUdlations. Natural regions in the heavens. 'J'he 
.Milky Wbiy Tiie Zodiac. Of the ecliptic. Celestial latitudes and 
longitudes. Precession of the equinoxes. Nutation. Aberration. 
Kefraetion. Parallax. Summary view of the iiranographical cor- 
rections - - - * - - - -190 

CliAPJ EK VI. 

or TMi: SITN*S MOTION ANI» PHYSICAL CONSTITUTION* 

Apparent motion of the Sun not uniform. Its apparent diameter also 
variable. Variation of its distance concluded. Its apparent orbit an 
ellipse about the focus. Law of the angular velocity. Equable 
« description of areas. Parallax of the sun. Its distance and magnitude. 
Copernican explanatioii of the Sun’s apparent motion. Parallelism of 
the Earth’s axis. The seasons. Heat received from the Sun in 
different parts of the orbit. X^ffect of excentricity of the orbit and 
position of irs axis on climate. Mean and true longitudoT of the Sun. 
iMpiation of the center. Siilereal, tropical, and anomalistic years. 
Physical constitution of the Sun. Its spots. Faculje, Probable 
)»ature and c‘aiise of the spots. Recent discoveries of Mr. Dawes. 
Of Mr. Nasmyth. Rotation of the Sun on its axis. Its atmosphere. 
Supposed clouds. Periodical recurrence of a more and less spotted 
state of its surface. Temperature of its surface. Its expenditure of 
heat. Probable cause* of solar radiation - - ♦ . 219 

CHAPTER VII. 

Of the Moon. Its sidereal period. Its apparent diameter. Its parallax, 
distance, and real diameter. First approximation to ils orbit. An 
ellipse about the Earth in the focus. Its excentricity and inclination. 
Motion of its nodes and apsides. Of oc(ujltfitions and solar eclipses 
generally. Limits within which they are possible. They prove the 
Moon to be an opaqjjo solid. Its light derived from the Sun. Its 



CONTKJNJS. 


XXV 


phases. Synodic revolution or lunar month. Harvest ^Joon. Of 
eclipses more particularly. I'lieir phtenoinona. Their periodical retrvir- 
rence. Physical consti(!tit*ion of tlie Moon. Its mountains ami c)ther 
superficial features, rlndications of former volcanic activity. Its atmo- 
sphere. Climate. Radiation of heat from its surface. Rotation on 
its own axis. Libration. Appearance of the Earth from it. Probable 
elongation of the Moon’s figure in the direction of the Earth. Its 
habitability not impossible. Charts, m(>dels, and photographs of its 
surface ------- Page otjj 


CHAPTER VIII. 

Of ten estrial gravity. Of the law of universal gravitation. Paths of 
projectiles, apparent, real. The Moon retained in her orbit by gravity. 
Its law of jliminution. Laws of elliptic motion. Orbit of the Earth 
round the Sun in accordance with these laws. Masses of the Earth 
and Sun compared. Density of the Sun. Force of gravity at its 
surface. Disturbing eHect of the Sun on the Moon’s motion - 290 

CHAPTER IX. 

OF THE SOr..\R SYSTEM. 

Apparent motions of the planets. The stations and retrogradations. 
The Sun their natural center of motion. Inferior planets. Their 
phases, periods, etc. Dimensions and form of iheir orbits. Transits 
acroSvS the Sun. Supr’rior planets. I'helr distances, periods, etc. 
Kepler’.s laws and their interpretation. Elliptic elements of a plunei's 
orbit. Its heliocentric and geocentric place. Empirical law of planetary 
distances; violated in the case of Neptune. The asteroids. Physical 
peculiarities observable in each of the planets - - - 301 


CHAPTER X. 

OF THE SATKI.MTES. 

Of the Moon, as a satellite of the Earth. General proximity of satellites 
to their primaries, and consequent subordination of their motior.s. 
Masscs of the primaries concluded from the perlod.s of their satellife.s. 
Maintenance of Kepler’s laws in the secondary systems. Of Jupiter’s 
satellites. Their eclipses, etc. Velocity of light dis<*overod by vheir 
means. Satellites of Saturn — ofUrunus — of Neptune - - 


CHAP TER XL 

Ol‘ COMETS. 

Great number of recorded comets. The number of .those unrecorded 
probably much greater. General description of a comet. Comets with- 
out tails, or with more than one. Their extreme tenuity. Their 
probable structure. Motions conformable to the law of gravity* 
Actual dimensions of comets. Periodical return of several. Halley's 
comet. Other ancient comets probably pcrIo«lic. Lneke’s comet — 



CONTENTS, 


XX vi 

Biela’a- -Faye’s — I-»ex ell’s — Vico’s — Brorsen’s — Peter’s. Great 
comet of 1843. Its probable iilentity with severpl older comets. Great 
interest at present attached to cometary as’tronomy, and its reasons. 
Remarks on cometary orbits in general. Great comets of 1858, 1861 
and 1862 - - - - - - Page 370 

PART II. 

OF THB LUKAK AND PLANETARY PERTURBATIONS. 

CHAPTER xn. 

• Subject propounded. Problem of three bodies. Superposition of small 
motions. Estimation of the disturbing force. Its geometrical repre- 
sentation. Numerical estimation in particular cases. Resolution into 
rectangular components. Radial, transversal, and orthogonal dis- 
turbing forces. Normal and tangential. Their characteristic elTects. 
Effects of tlic. orthogonal force. Motion of the nodes. Conditions of 
their advance and recess. Cases of an exterior planet disturbed by 
an interior. The reverse case. In every case the node of the dis- 
turbed orbit recedes on the plane of the disturbing on an average. 
Combined effect of many such disturbances. Motion of the JMoon’s 
nodes. Change of inclination. Conditions of its increase and diminu- 
tion. Average effect in a whole revolution. Compensation in a com- 
plete revolution of the nodes. Lagrange's theorem of the stability of 
the inclinations of the planetary orbits. Change of obliquity of the 
ecliptic. Precession of the equinoxes explained. Nutation. Prin- 
ciple of forced vibrations ----- 410 

CHAPTER XJII. 

TIIEOIIT OF THE AXES, PERIHELIA, AND EXCENTH lOlTIES. 

Yhiriation of elements in general. Dlstineticm between periodic and 
secular variations. Geometrical expression of tangential and normal 
forces. Variation of the Major Axis produced only by the tangential 
force. Lagrange's theorem of the conservation of the mean distances 
and periods. Theory of the Perihelia and excontricities. Geometri- 
cal representation of their momentary variations. Estimation of the 
disturbing forces in nearly circular orbits. Application to the ease 
of the Moon. Theory of the lunar apside.s and excentricity. Ex- 
perimental illustration. Application of the foregoing principles to 
the Planetary theory- Compensation in orbits very nearly circular. 
Effects of cllipticity. General results. Lagrange’s theorem of the 
stability of the excentricities ... - - 445 

• 

CHAPTER XIV. 

(>f the inequalities independent of the cxccnlriclTics. The MooiTs va- 
riation and parallactic inequality. Analogous planetary inequalities. 



CONTKNTa 


XXVll 


Three cases of Planetary perturbation distinguished. Of 
dependent on tlie exceutrieites. Long inequality of Jupiter and 
Saturn Law of reciprocity between the periodical variations of the 
elements of both planets. Long inequality of the Earth and Venus. 
Variation of the epoch. Inequalities incident on the epoch alfectiiig 
the mean motion. Interpretation of the constant part of these ine- 
qualities. Annual equation of the Moon. Her secular acceleration. 
Lunar inequalities due to the action of Venus. Effect of the sphe- 
roidal figure of the Eart|i^ and other planets on the motions of their 
satellites. Of tlie tides. Ma.sse3 of disturbing liodics deducible from 
the perturbations tliey produce. Mass of tlie IMoon, and of Jupiter's 
satellites, how ascertained. Perturbations of Uranus resulting in the 
discovery of Neptune. Determination of the absolute mass and den- 
sity of (he fcartli?'^- ----- Page qSG 


PART IIL 

OF SIDEREAL ASTRONOMY. 

CHAPTER XV. 

Of the fixed stars. Their classification by magnitudes. Photometric 
scale of magnitudes. Conventional or vulgar scale. Photometric 
comparison of stars. Distribution of stars over tljc heavens. Of the 
Milky Way or galaxy. Its supposed form tliat of a flat stratum 
partially subdivided. Its visible course among the constellations. Its 
Internal structure. Its apparently indefinite extent in certain dircc* 
lions. Of the distance of the fixed stars. Their annual })arallax. 
■parallactic unit of sidereal distance. Effect of parulhix analogous to 
that of aberration. How distinguished from it. Detection of paral- 
lax by meridional observations. Henderson’s application to « cen- 
tauri By difierential observations. Discoveries of Bessel and Struve. 
List of stars in wliich parallax has been detei;ted. Of the real magni- 
tudes of the stars. Comparison of their lights with that of llie Sun - 

5()1 


CHAPTER XVI. 

Variable and periodical stars. List of tliose already known. Irre- 
gularities in their periods and lustre when brightest. Irregular and 
temporary stars. Ancient Chinese records of several. Missing stai's. 
Double stars. Their classification. Specimens of cfich class. Binary 
eystems. Revolution round each otlnir. Describe o]Ii{>tic orbits 
untler the Newtonian law of gravity. Elements of orbits of several. 
Actual dimensir^ns of their orbits. Coloured double sfar.s. l^lneno- 
menon of complementary colours. Sanguine stars. l’n>j>er motion of 
(lie stars. Partly accounted for by a real motion of (he Sun. Situa- 
tion of the solar Agreement of southern and northern stars 



CONTENTS. 


xxviii 

in giving the same result. ‘ Principles on whioli the investigation of 
the solar motion depends. Absolute velocity of the Sun’s motion. 
Supposed revolution of the whole sidereal system round a common 
centre. Systematic parallax and aberration. Effect of the motion of 
%bt in alterimj the apparent period of a binary star •* Page 59G 

CHAPTER XVI r. 

OF CLUSTERS OF STARS AM> KBHULJIu. 

Of clustering groups of stars. Globular clusters. Their stability dyna- 
mically possible. List of the most remarkable. Classihcation of 
nebulae and clusters. Their distribution over the heavens. Irregular 
clusters. Resolvabllity of nebulm. Theory of the formation of clus- 
ters by nebulous subsidence. Of elliptic nebuhe. That of Andro- 
meda. Anpular and planetary nebulte. Double nebulse, Nebulous 
stars. Connection of nebulse with double stars. Insulated nebulse of 
fonns not wholly irregular. Of amorphous nebulm. Tlieir law of 
distribution marks them as outliers of tlie galaxy. Nebulae and 
nebulous group of Orion — of Argo — of Sagittarius — of Cygniis. The 
Magellanic clouds. Singidm* nebula in the great(;r of them. Variable 
nebulae. The zodiacal light. Shooting stars. Sf>eeul!it.ions on the 
dynamical origin of the Sun’s heat ^ - (53^^ 

PART IV. 

or THE ACCOUNT OF TIME. 

CHAPTER XVIIL 

Natural units of time. Relation of the sidereal to the solar day affectea 
by precession. Incommensurability of the day and year. Its incon- 
venience. How obviated. The Julian Calendar. Irregularities at 
its first introduction. Reformed by Augustus. Gregorian reformation 
Solar and lunar cjuiles. Indiction. Julian perio<l. Table of Chrono- 
logical eras. Ruhis for calculating the days elapsed between given 
Dates. Equinoctial time. Fixation of ancient dates by eclipses. Notes 
and additions - - G6(» 


APPENDIX. 


I. Lists of Northern and Southern Stars, with their aj^proximate 

Magnitudes, on tlie Vulgar and Photometric Scale - - 725 

I I. Synoptic Table of t he Elements of the Planetary System - 727 

HI. Synoptic Table of the Elements of the Orbits of the Satellites, 

so far as they are known ------ 735? 

IV. Elements of Periculical Comets - - - « - 735 

Table of Numbers in rn*(|ucnt usc among AslromuiitMVt - - 7J1P 
Index - - - • , * - • - - 7-M 



OUTLINES 


OF 

ASTRONOMY. 


INTRODUCTION. 

(1.) Kveuy student who enters upon a scientific pursuit, 
especially if at a somewhat advanced period of life, will find 
not only that he has much to learn, but much also to un- 
learn. Familiar objects and events are far from presenting 
rhernselvcs to our senses in that aspect and with those con- 
nections under which science requires them to be viewed, and 
which constitute their rational explanation. There is, there- 
fore, every reason to expect that those objects and relations 
which, taken together, constitute the subject he is about to 
enter upon wdll have' been previously apprehended by him, 
at least imperfectly, because much has hitherto escaped his 
notice which»is essential to its right understanding : and not 
only so, but too often also erroneously, owing to mistaken 
analogies, and the general prevalence of viilgai eiTors. As a 
first preparation, therefore, for the course he is about to 
commence, he must loosen his hold on all crude and hastily 
adopted notions, and must strengthen hirn^elf, by something 
of an effort and a resolve, for the unprejudiced admission of 
any conclusion which shall appear to be supported by careful 
observation and logical argument, even should it prove of a 
nature adverse to notions he may have previously formed for 
himself, or taken up, without examination, on the credit of 

B 
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others. Such an eltort in fact, a commencement of that 
intellectual discipline which forms ofie- of the most important 
ends of all science, lit is the first movement of approach 
towards that state of mental purity whicli alone can fit us for 
a full and steady perception of moral beauty as well as pliysi-* 
cal adaptation. It is the euphrawsy and rue ” with which 
we must {>urge our sight ” before we can receive and con- 
template as they are the lineaments of truth and nature. 

(2.) There is no science which, more than astronomy, 
stands in need of such a preparation, or draws more largely 
on that intellectual liberality which is ready to adopt what- 
ever is demonstrated, or concede whatever is rendered highly 
probable, however new and uncommon the points of view 
may be in which objects the most familiar may thereby be- 
come placed. Almost all its conclusions stand in open and 
striking contradiction witli tiiose of superficial and vulgar 
observation, and with what appears to every one, until he 
has understood and weighed the proofs to the contrary, the 
most positive c\idencc of his sciisCkS. Tints, the earth on 
which he stands, and which has served for ages as the un- 
ehaken foundation of the firmest structures, eitlior of art or 
nature, is divested by tin? astronomer of its attribute of fixity, 
and conceived by him as turning swiftly on its centre, ahd 
at the same time moving onwards tlirough space with great 
rapidity. The sun and the moon, which apj)ear to untaught 
eyes round bodies of no very considerable size, become en- 
larged in his imagination into vast globes, — the one ap- 
proaching in magnitude to the earth itself, the other im- 
mensely surpassing it. The planets, which appear only as 
stars somewliat brighter than the rest, ai-e to him spacious, 
elaborate, and habital>le worlds; several of them much 
greater and far more curiously furnished than the earth he 
inhabits, iis there ^re also others less so ; andtthe stars them- 
ftelves, properly so called, which to ordinary apprehension 
present only lucid sparks or brilliant atoms, are to him suns 
of various and transcendent glory — effulgent centres of life 
and liaht to myriads of unseen worlds. So that when, after 
flilatmg his thoughts to comprehend the grandeur of those 
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ideas his calculations have called up* and exluiusting his ima- 
gination and the powers of his language to devise similes and 
metaphors illustrative of the immensity of the scale on which 
his universe is constructed, he shrinks hack to his native 
sjihere, lie finds it, in comparison, a mere point; so lost — 
even in the minute system to which it belongs — as to be in- 
visible and unsuspected from some of its principal and remoter 
members. 

(3.) There is hardly any thing which sets in a stronger 
light the inherent jxiwer of truth over the mind of man, 
when opposed by no motives of interest or passion, tlian the 
perfect readiness with which all these conclusions are assented 
4o as soon as their evidence ia clearly apprehernled, and the 
tenacious hold they acquire over our belief when oncQ ad- 
mitted. Tn the conduct, therefore, of this volume, I shall 
take it for granted that tlie reader is more desirous to learn 
the system which it is its object to teach, as it now' stands, 
than to raise or revive objections against it ; and tliat, in 
short, lie (monies to the task with a willing mind; an assump- 
tion wdiicli will not only save the trouble of piling argument 
on argument to convince the sceptical, but will greatly 
facilitate his actual progress; inasmuch as he w'ill find it at 
un(?e easier and more satisfactory to pursue from the outset 
a straight arid definite path, than to be constantly stepping 
aside, involving himself in perplexities and circuits, which, 
after all, can only terminate in finding hliuself compelled to 
adopt the same road. 

(4.) The in(4hod, therefore, we propose to follow in this 
wmrk is neither strictly the analytic nor the synthetic, but 
ratlier such a combination of both, w^ith a leaning to the 
latter, as may best suit with a didactic composition. Its 
object is not to convince or refute opponents, nor t<‘ incpiire, 
under the scmbkinee of an assumed ignoranbe, for principles 
of which w'e are all the time in full possession — but simply 
to teach what is hwwru The moderate limit of a single 
volume, to which it will be confined, and the lu^cessity of 
being on every point, within that limit, rather diffuse and 
copioiis in explanation, as well as the eminently matured and 
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•ascertained character of frlie science itself^ render *this course 
both practicable and eligible. Practicable, because there is 
now no danger of any revolution in actronoiny, like those 
which are daily changing the features of the less advanced 
sciences, supervening, to destroy all our hypotheses, and 
throw our statements into confusion. Eligible, because the 
ispace to be bestowed, cither in combating refuted systems, or 
in leading the reader forward by slow and measured steps 
from tlic known to the unknown, maybe more advantageously 
devoted to such explanatory iliustratlons as will impress 
on him a familiar and, as It were, a practical sense of the 
sequence of phenomena, and the manner in which they are 
produced. shall not, then, reject the analytic course’ 

where it leads more easily and directly to our objects, or in 
any way fetter ourselves by a rigid adherence to'^ method. 
Writing only to be understood, and to communicate as much 
information in as little space as possible, consistently with its 
distinct and effectual communication, no sacrifice can be 
afforded to system, to form, or to affectation. 

(5.) W e shall take for granted, from the outset, the Coj^r* 
nican system of the world ; relying on the easy, obvious, and 
natural explanation it affords of all the phenomena as they 
come to be described, to impress the student with a sens6 of 
its truth, without either the formality of demonstration or 
the superfluous to<lium of eulogy, calling to mind that im- 
portant remark of Bacon: — Theoriarum vires, arcta et 
quasi se mutuo sustinente partium adaptatione, qua quasi in 
orbem cohserent, firmantur * ; ” not failing, however, to point 
out to the reader, as occasion ofiers, the contrast which its 
superior simplicity offers to the complication of other hy|M> 
theses. 

(6.) The preliminary knowledge which it is desirable that 
the student shouM possess, in order for the more advantageous 
perusal of the following pages, consists in the familiar prao- 


♦ ^ The confirmation of theories relies on the compact adaptation of their 
parts, by which, like those of an arch or dome, they mutually siistain each other, 
and form a coherent, whole.” iTus is what Dr. Whcwel) expressively terms the 
tC'Milif UiP of inductioim 
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tice of decimal and sexagesimal anithnietic , some .rntnlerate 
acquaintance with geonitetry and trigonometry, both plane 
and spherical ; the elementary principles of mechanics ; and 
enough of optics to understand the construction and use ot 
the telescope, and some other of the simpler jnstruments. 
Of course, the more of such knowledge he brings to the 
perusal, the easier will be his progress, and the more com- 
plete the information gained; but we shall endeavour in 
every case, as far as it can be done without a sacrifice of 
clearness, and of that useful brevity which consists in the 
absence of prolixity and episode, to render what we have to 
say as Independent of other books as possible. 

(7.) After all, I must distinctly caution such of my 
readers as may commence and terminate their* astronomical 
studies with the pr(\seut work (though of such, — at least in 
the latter predicament, — I trust the number will be few), 
that its utmost pretension is to place tliem on the threshold 
of this particular wing of the temple of Science, or rather on 
an eminence exterior to it, whence they may obtain something 
like a general notion of its structure ; or, at most, to give 
those who may wish to enter a ground-plan of its accesses, 
and put them in possession of the pass-word. Admission to 
it# sanctuary, and to the privileges and feelings of a votary, is 
only to be gained by one means, — sound and sufficient know- 
ledge of mathematics^ the great instrument of all exact inquiry^ 
without ivhicli no man can ever make such advances in this or 
any other of the higher departments of science as can entitle 
him to form an independent opinion on any subject of discussion 
within their range. It is not without an effort that those who 
possess this knowledge can communicate on such subjects 
with those who do not, and adapt their language and their 
illustrations to the necessities of such an intercourse. Pro- 
positions whicl]^ to the one are almost identical, are theorems 
of import and difficulty to the other ; nor is their evidence 
presented in the same way to tlie mind of each. In teaching 
such propositions, under such circumstances, the appeal has 
to be made, not to the pure and abstract reason, but to tha 
flense of analogy — to practice and experience : principles and 
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modes of'ji^iction have to established not by direct argument 
from acknowledged axioms, but by continually recurring to the 
Bourccs from which the axioms themselves have been drawn ; 
viz. examples ; that is to say, by bringing forward and dwelling 
on simple anti iamillar Instances in wliich the same principles 
and the same or similar modes of action take place: thus 
erecting, as it were, in each particular case, a separate induc- 
tion, and constructing at each stop a little body of science to 
meet its exigencies. The difference is that of pioneering a 
roail tlirough an untraversed country and advancing at ease 
along a broad and heuteri highway ; that is to say, if we are 
determined to make ourselves distinctly understood, and will 
appeal to reason at all. As for the method of assertion, or a 
direct demand on the faith of the student (though in some 
comjilex cases indispensable, where illustrative explanation 
would defeat its own end by becoming tedious and burdensome 
to botli parties), it is one which 1 shall neither willingly adopt 
nor would recoinmend to others. 

(8.) On the otlu‘r hand, although it is something new to 
abandon the road of mathematical demonstration in the treat- 
ment of subjects susceptllde of it, and to teach any consider- 
able branch of scliaicti entirely or chiefly by the way of il- 
lustration and familiar parallels, it is yet not impossible that 
those Avho arc already well acquainted witli our subject, and 
wliose knowledge 1ms been acquired by that confessedly higher 
practice which is incompatible with the avowed objects of the 
present work, may yet lind their account in its perusal, — for 
this reason, that it is always of advantage to present any given 
body of knowledge to the mind in as great a variety of dif- 
ferent lights as possible. It is a property of illustrations of 
this kind to strike no two minds in the same manner, or with 
the same force ; because no two minds are stored with the 
same images, or have acKiuired their notions^, of them by 
similar habits. Accordingly, it may very well happen, that a 
proposition, even to one best acquainted with it, may be 
placed not merely in a new and uncommon, but in a more 
impressive and satisfactory light by such a course — some 
obscviritj^ may be dissipated, some inward misgivings cleared 
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np, or even some lipkg supplied wtiicli may lead to {he per^ 
ception of conrlection^5 and deductions altogether unknown 
t)efore. And tlie probability of this is increased wlien, as in 
the present instance, tlie illustrations chosen have not been 
studiously selected from books, but are such as have presented 
themselves freely to the author’s mind as being most in 
harmony with his own views ; by which, of course, he means 
to lay no claim to originality in all or any of them beyond 
what they may really possess. 

(9.) Besides, there are cases in the application of mecha- 
nical principles with which the mathematical student is but 
too familiar, where, when the data are before him, and the 
* numerical and geometrical relations of his proteins all clear 
to his conception, — when his forces are estimated and his 
lines measured, — nay, when even he has followed up the 
application of his technical pnx^osses, and fairly arrived at his 
conclusion, — there is still something wanting in his mind — 
not in the evidence, for he has examined each link, and finds 
the chain complete — not in the princifilcs, for those he well 
knows are too firmly established to be shaken — but precisely 
in the mode of action. He has followed out a train of rea- 
s(|ning by logical and technical rulcvS, but the signs he has 
employed arc not pictures of nature, or have lost their ori- 
<rinal meaning as such to his mind : he has not seen, as it 
were, the process of nature passing under his eye in an in- 
stant of time, and presented as a consecutive whole to his 
imagination., A familiar parallel, or an illustration drawn 
from some artificial or natural process, of which he lias that 
direct and individual impression which gives it a reality and 
associates it with a name, will, in almost every such case, 
supply in a moment this deficient feature, will convert all his 
symbols into real pictures, and infuse an animated meaning 
into what wasloeforc a lifeless succession of words and signs. 
I cannot, indeed, always promise myself to attain this 
degree of vividness of illustration, nor are the points to 
be elucidated tliemselves always capable of being so joara- 
phrased (if J may use the expression) by any single in- 
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stance adducible in the Ordinary course of experience ; but 
the object will at least be kept in view ; and, as I am very 
conscious of having, in making such attempts, gained for 
myself much clearer views of several of the more concealed 
effects of planetary perturbation than I had acquired by 
their mathematical investigation in detail, it may reasonably 
be hoped tliat the endeavour will not always be unattended 
with a similar success in others. 

(10.) From what has been said, it will be evident that our 
aim is not to offer to the public a technical treatise, in which 
the student of practical or theoretical astronomy shall find 
consigned the minute description of methods of observation, 
or the formuke he requires prepared to his Iiand, or their de- 
monstrations drawn out in detail. In all these the present 
work will be found meagre, and quite inadequate to hte wants. 
Its aim is entirely different ; being to present to him in each 
case the mere ultimate rationale of facts, arguments, ami 
processes; and, in all cases of mathematical application, 
avoiding whatever would tend to encumber Its pages with 
algebraic or geometrical symbols, to place under his inspec- 
tion that central thread of common sense on which the pearls 
of analytical research are invariably strung ; but which, by 
the attention the latter claim fV>r themselves, is often con- 
cealed from the eye of the gazer, and not always disposed in 
the straightest and most convenient form to follow by those 
who string them. This Is no fault of those who liave con- 
ducted the inquiries to which we allude. The contention of 
mind for which they call is enormous ; and it may, perhaps, 
be owing to their experience of how little can be accomplished 
in carrying such processes on to their conclusion, by mere 
oi’dinary clearness of head; and how necessary it often is to 
pay more attention to the purely mathematical conditions 
which ensure success, — the hooks-and-eyes of their equa- 
tions and series, — than to those which enchain causes with 
their effects, and both with the human reason, — that we 
must attribute something of that indistinctness of view which 
is often complained of as a grievance by the earnest student, 
and still more commonly ascribed ironically to the nativ <3 
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cloudiness of an atmo.^|)here too stiblime for vulga,r Compre- 
hension* We tliinlv we shall n3nder good service to both 
classes of readers, by dissipating, so ftir ns lies in our power, 
that accidental obscurity, and by showing ordinary untutored 
comprehension clearly wluat it can^ and v?hat it.cannot, hope 
to attain. 

(10 «.) To conclude: ‘‘ Rome was not built in a day.” 
Xo grand practical result of human industry, genius, or me- 
ditation, has sprung forth entire and complete from the master 
hand or mind of an individual designer working straight to 
its object, and foreseeing and providing for all details. . As 
in the building of a great city, so in every such product, its 
* historian has to record rude beginnings, circuitous and in- 
adequate plans; frequent dcinoHtion, renewal and rectifica- 
tion ; thh perpetual removal of much cumbrous and unsightly 
iiiaterial and s<*afroldii)g, and constant opening out of wider 
ami grander conceptions; till at length a unity and a nobility 
is attained, little dreamed of in the imagination of the fir^t 
projector. 

(10 b.) The same is equally true of every great body of 
knowledge, and would be found signally exemplified in the 
history of astronomy, did the object of this work allow us to 
devote a portion of it to its relation. AVliat concerns us 
more is, that the same remark is no less applicable to the 
jh'ocoss by uliieh knowledge is built up in the mind of each 
individual, and by whicli alone it can attain any extensive 
development oi* any grand proportions. No man can rise 
from ignorance to anything deserving to be called a complete 
grasp of any considerable branch of science wltlnuit receiving 
and discarding in succession many crude and incomplete 
notions, which so far from injuring the truth in its ulti- 
mate reception, act as positive aids to its attainment by 
acquainting him with the symptoms of itn insecure footing 
in liis progress. To reach from the plain the loftiest sum- 
mits of an Alpine country, many inferior eminences have to 
l)e scaled and relinquished ; but the Ijfbour is not lost. The 
region is unfolded in its closer recesses, and (he grand pano* 
rama jkvhich opens from aloft is all the better understood and 
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the more enjoyed for the very misconceptions in detail which 
it rectifies and explains, - . 

(10 c.) Astronomy is very peculiarly Jn this predicament. 
Its study to each individual student is a continual process of 
rectification ^and correction — of abandoning one point of 
view for another higher and better — of temporary and occa- 
sional reception of even positive and admitted errors for the 
convenience they afford towards giving clear notions of im- 
portant truths whose essence they do not affect, by sparing 
him that contention of mind which fatigues and distresses. 
We kno^v, for example, that the earth’s diurnal motion is 
real, and that of the heavens only apparent ; yet there are 
many problems in astronomy which are not only easier con-, 
ceived, but more simply resolved by adopting the idea of a 
diurnal rotation of the lieavens, it being understood once for 
all that appearances are alike in both suppositions. 
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CHAPTER L 

GENERAL NOTIONS. APPARENT AND REAL MOTIONS. SHAPE AND 

SIZE OP THE EARTH. — THE HORIZON AND ITS DIP. THE AT- 
MOSPHERE. — REFRACTION. TWILIGHT. — APPEARANCES RE- 

SULTING FROM DIURNAL MOTION — FROM CHANGE OF STATION 

IN general. — PARALLACTIC MOTIONS. TERRESTRIAL PARAL- 

I^AX. THAT OP THE STARS INSENSIBLE. FIRST STEP TO- 

WARDS FORMING AN IDEA OF THE DIST.VNCE OF , THE STARS, — 
COPERNICAN VIEW OF THE EARTll’s MOTION, — RELATIVE 
MOTION. MOTIONS PARTLY REAL, PARTLY APPARENT. — -GEO- 

CENTRIC ASTRONOMY, OR IDEAL REFERENCE OF PHA'.NOMENA 
TO THE earth's CENTRE AS A COMMON CON VENTIONAI. 
STATION. 

(11.) The magnitudes, distances, arrangement, and motions 
of tlie great bodies which make up the visible universe, their 
constitution and physical condition, so far as they can he 
IvRown to us, with their mutual influences and actions on each 
other, so far as they can be traced by the effects produced, * 
and establlsbecl by legitimate reasoning, form the assemblage 
of objects to vvlilch tfie attention of the astronomer is directed. 
The term astronomy* itself, which denotes the laio or rule of 
the astra (by which tlie ancients understood not only the 
stars properly so called, but the sun, the moon, and all the 
visible constituents of the heavens), sufRciently indicates this; 
and, although the term astrology, which denotes the reason^ 
theory^ or interpretation of the stars f, has become degraded in 
its application/ and confined to superstitious and delusive at- 
tempts to divine future events by their dependence on pre- 

* A<rTi7p, a itur ; vQfxos^ a law ; or ve/ttftv, to tend, as a shepbertl hfs flock ; .so 
that acrpoVQfjLos means “shepherd of the stars.” I he two etymcilogies are, how- 
ever, coincident. 

I fcasofft or a wordy the vehicle of reason ; the iiitopi'ctnr of thought. 
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tended ' planetary influences, the same meaning originally 
attached itself* to that epithet. 

(12.) But, besides the stars and other celestial bodies, the 
earth itself, regarded as an individual body, is one principal 
object of the astronomer’s consideration, and, indeed, the 
chief of all. It derives its importance, in a practical as well 
as theoretical sense, not only from its proximity, and its re- 
lation to us as uniniated beings, who draw from it the supply 
of all our wants, but as the station from which we see all the 
rest, and as the only one among them to which we can, in the 
first instance, refer for any determinate marks and measures 
by which to roeogulze their changes of vsituation, or with 
which to compare their distances. 

(Kh) To the reader who now for the first time takes up a 
book on astronomy, it will no doubt seem strange to class the 
enrtli with the heavenly bodies, and to assume any community 
of nature among things apparently so difFercnt. For wliat, in 
fact, can be more apparently different than the vast and 
seemingly immeasurable extent of the earth, and the stars, 
which appear but as points, and seem to have no size at all ? 
The earth is dark and opaque, while the celestial bodies are 
brilliant. We perceive in it no motion, while in them we 
observe a continual change of place, as we view them at de- 
ferent lionrs or tlie day or night, or at different seasons of the 
year. The ancients, accordingly, one or two of the more en- 
liglitcncd of them only excepted, admitted no such commu- 
nity of nature ; and, by thus placing the heavenly bodies and 
their movements wltliout the pale of analogy and experience, 
effectually Intercepted the progress of all reasoning from what 
passes here below, to what is going on in the regions where 
they exist and move. Under such conventions, astronomy, 
as a science of cause and effect, could not exist, but must be 
limited to a mere registry of appearances, unconnected with 
any attempt to account for them on reasonable principles, 
however successful to a certain extent might be the attempt 
to follow out their order ol* sequence, and to (‘stabiish empirical 
laws expressive of this order. To get rid ol this prejudice, 
therefore, is the first step towards acf|uiring a knowledge of 
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what is really the ease ; and the student has made *his first 
effort towards the acqiifsltioii of sound knowledge, when he 
has learnt to familiarize himself with* the idea that the earth, 
after all, may be nothing but a great star. How correct such 
an idea may be, and with what limitations and, modifications 
it is to be admitted, we shall see presently. 

(14.) It is evident, that, to form any just notions of the 
arrangement, in space, of a number of objects which we can- 
not approach and examine, but of which all the information 
we can gain is by sitting still and w atching their evolutions, 
it must J>c very Important for us to know, in the first 
instance, whether wdiat we call sitting still is really such : 
whether the station from which wc view^ them, wdth ourselves, 
and all objects w^hich immediately surround us, be not itself 
in motihn, iin perceived by us; and if so, of what nature that 
motion is. The apparent places of a number of objects, and 
their apparent arrangement w ith respect to each other, will 
of course be materially dependent on the situation of the 
spectator among them ; and if this situation be liable to 
change, unknown to the spectator himstilf, an appearance of 
change in the respective situations of the objects will arise, 
without the reality. If, then, such be actually the cjise, it 
will follow that all the movements we think we percei\e 
among the stars will not be real movements, but that some ’ 
part, at least, of whatever changes of relative i)lace we per- 
ceive among them must be merely apparent, the results of 
the shifting^of our own point of view’ ; and that, if we w'ould 
ever arrive at a knowledge of their real motions, it can only 
be by first investigating our own, and making due allowance 
for its effects. Thus, the question w^hether the earth is in 
motion or at rest, and if in motion, wdiat that motion is, is no 
idle inquiry, but one on which depends our only chance of 
arriving at true conclusions respecting the constitution of the 
universe. 

(15.) Nor let It be thought strange that we should speak 
of a motion existing in the earth, unperceived by its in* 
habitants : w’^e must remember that it is of the earth as a 
wfwle^ with all that it holds within its substance, or sustaina 
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on its stjrface, that we are^speaking ; of a motion common to 
the solid mass beneath, to the ocean which flows around it, 
the air that rests upon it, and the clouds .which float above it 
in the air. Such a motion, which should displace no terres- 
trial object from its^relatlve situation among others, interfere 
with no natural processes, and produce no sensations of 
shocks or jerks, might, it is very evident, subsist undetected 
by us. There is no peculiar sensation which advertises us 
that we are in motion. We perceive jerksy or shocks y it is 
true, because tliese are sudden changes of motion, produced, 
as tlie laws of mechanics teach us, by sudden and powerful 
forces acting during short times ; and these forces, apj)lied to 
our bodies, are what we fed, Wlien, for example, we are 
carried along in u (carriage with the blinds down, or with our 
eyes closed (to keep us from seeing external objects), we per- 
ceive a tremor arising fixmi inequalities in the road, over 
wlilch the carriage is successively lifted and let falb but we 
have no sense of progress. As the road is smoother, our 
sense of motion is diminished, though our rate of travelling is 
accelerated, liallway travelling, especially by night or in a 
tunnel, has familiarized every one with this remark. Those 
who have made aeronautic voyages testify that with closed 
eyes, and under the influence of a steady breeze communi- 
cating no oscillator or revolving motion to the car, the 
sensation is that of perfect rest, however rapid the transt'er 
from place to place. 

(16.) Blit it is on sliipboard, where a great system is main- 
tained in motion, and where we are surroundtid ‘with a mul- 
titude of objects which participate witVi ourselves and each 
other in the common progress of the whole mass, that we feel 
most satisfactorily the identity of sensation between a state 
of motion and one of rest. In the cabin of a large and lieavy 
vessel, going smoothly before the wrind in still water, or 
drawn along a canal, not the smallest indication acquaints us 
with the way it is making. Wc read, sit, walk, and perform 
every customary action as if we were on land. If we throw 
a ball into the air, it falls back into our hand ; or if we drop 
it, it alights at our feet. Insects buzz around us as in the 
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free air ; and smoke ascends in thft same manner ft would 
do in an apartment on s?iore. If, indeed, we come on deck, 
the case is, in some respects, differthit ; the air, not being 
carried along with us, drifts away smoke and other light 
bodies — such as feathers aliandoncd to ‘it — apparently, in 
the opposite direction to that of the ship’s progress ; but, in 
reality, they remain at rest, and we leave them behind in the 
air. Still, the illusion, so far as massive objects and our own 
movements are concerned, remains complete ; and when we 
look at the shore, we then perceive the effect of our own 
motion transferred, in a contrary direction, to external objects 
— external^ that is, to the system of which we form a part. 

** Proveliimur portu, lerra;(pje urbesque rececliuft.* 


1 7. ) *In order, however, to conceive the earth as In mo- 
tion, we must form to ourselves a conception of its shape and 
size. Now, an object cannot have shape and size unless it 
is limited on all sides by some definite outline, so as to admit 
of our imagining it, at least, disconnected from other bodies, 
and existing insulated In space. The first rude notion we 
form of the earth is that of a flat surface, of indefinite extent 
in all directions from tlic spot where we stand, above which 
are the air and shy ; below, to an indefinite profundity, solid 
matter. This is a prejudice to be got rid of, like that of tlie 
earth’s immobility ; — ^ Imt it is one much easier to rid our- 
selves of, inasmu(di as it originates only in our own mental 
inactivity^, iy not questioning ourselves where we will place 
a limit to a thing we have been accustomed from infancy 
to regard as immensely large ; and does not, like that, ori- 
ginate in the testimony of our senses tinduly interpreted. 
On the contrary, the direct testiiiiony of our senses lies the 
other way. Wlicn we see the sun set in the evening in the 
west, and rise again in the east, as we cannot doubt that it is 
the same sun we see after a temporary absence, we must do 
violence to all our notions of solid matter, to supjxise it to 
have made its way through the substance of the earth. It 
must, therefore, have gone under it, and that not l)y a mere 
subterraneous ; for if we notice the points where it 
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scteand rises for many su5;cessive days, or for a whole year, 
we shall find them constantly sliifting, round a very largo 
extent of the horizon ; and, besides, the moon and stars also 
set and rise again in all points of the visible horizon. The 
conclusion is plain :* the earth cannot extend indefinitely in 
depth downwards, nor indefinitely in surface laterally ; it 
must have not only bounds in a horizontal direction, but also 
an under side round which the sun, moon, and stars can pass ; 
and that side must, at least, be so fiir like what we see, tliat 
it must have a sky and sunshine, and a day when it is iiiglit 
to us, and vice versa ; where, in short, 

— redit a nobis Aurora, diemque recliicit. 

Nosque ubi primus equis oriens afHavit anhelis, 

lilic sera riibens accendit luinina Vesper/' Gtorg, 

(18.) As soon as we have fainiliarlzed ourselves with the 
conception of an earth without foundations or fixed supports — 
existing insulated in space from contact of every thing ex- 
ternal, it becomes easy to imagine it in motion — or, rather, 
difficult to imagine it otherwise ; for, since there is nothing to 
retain it in one place, should any causes of motion exist, or 
any forces act upon it, it must obey their impulse. Let us 
next see what obvious circumstances there are to help us to a 
knowledge of the shape of the earth. 

n9.) Let us first examine what we can actually see of its 
shape. Now, it is not on land (unless, indeed, on un- 
commonly level and extensive plains), that we can see any 
thing of the general figure of the earth; — the hills, trees, and 
other objects which roughen its surface, and break and elevate 
the line of the horizon, though obviously bearing a most 
minute proportion to the whole earth, are yet too considerable 
with respect to ourselves and to that small portion of it which 
we can see at a single view, to aUow of our forming any 
judgment of the form of the whole, from that of a part so dis- 
figured. But with the surface of the sea or any vastly ex 
tended level plain, the case is otherwise. If we sail out of 
eight of land, whether we stand on the deck of the ship or 
climb the mast, we see the surface of the sea — not losing 
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itself in distance and mist^ but terminated by a sharp^ clear^ 
well-defined line or offing it is callea, which runs all* round 
us in a circle, having our station for it§ centre. That this 
line is really a circle, we conclude, first, from the perfect 
apparent similarity of all its parts ; and, secondly, from the 
fact of all its parts appearing at the same distancb from us, 
and that, evidently, a moderate one; and thirdly, from this, 
that its apparent diameter^ measured with an instrument 
called the dip sectary is the same (except under some singular 
atmospheric circumstances, which produce a temporary dis- 
tortion of the outline), in whatever direction the measure is 
taken, — properties wdiich belong only to the circle among 
geometrical figures. If we ascend a high eminence on a plain 
(for instance, one of the Egyptian pyramids), the game holds 
good. 

(20.) Masts of ships, however, and the edifices erected by 
man, are trifling eminences compared to wliat nature itself 
affords; ^Etna, TeneriflTe, Mowna Iloti, are eminences from 
which no contemptible aliquot part of tlie whole eaith’s surface 
can be seen; but from these again — in those few and rare 
occasions when the transparency of the air will permit the 
real boundary of the horizon, the true sea-line, to be seen — 
the g^^ery same appearances are witnessed, but with this re- 
markable addition, viz. that the angular diameter of the visible 
area, as measured by the dip sector, is materially less than at 
a lower level ; or, in other words, that the apparent size of 
the earth has sensibly diminished as we have receded from its 
surface, while yet the absolute quantity of it seen at once has 
been increased. 

(21.) The same appearances are observed universally, in 
every part of the earth’s surfiice visited by man. Now, the 
figure of a body which, how^ever seen, appears alw ays ciradar, 
can be no other than a sphere or globe. 

(22.) A diagram wdll elucidate this. Suppose the earth to 
be represented by the sphere L 11 N Q, whose centre Is C, and 
let A, G, M be stations at different elevations above vaiious 
points of its surface, represented by g, m respectively. 
From each of them (as from M)let a line be drawn, as M.N n, 
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a tangent to the sur%e at X, then will this line i*eprescnt 
the visual ray along which the spectator at M will see the 
visible horizon; and as this tangent sweeps round M, and 
comes successively into the positions M O o, M P p, M Q q, 
the point of contact N will mark out on tlie surface the 
circle N O P Q. The area of the spherical surface compre* 



hended within this circle is the portion of the earth’s surface 
visible to a spectator at and the angle N jNl Q included 
between the two extreme visual rays is tlie measure of its 
apparent angular diameter. Leaving, at present, out of con- 
sideration the effect of refraction in the air below M, of whicli 
more hereafter, and wdiieh always tends, in some degree, to 
increase that angle, or render it more obtuse, this is the angle 
measured by the dip sector. Now, it is evident, 1st, that as 
the point M is more elevated above the point immediately 
below it on the sphere, the visible area, i. e, tlie spherical 
segment or slice N O P Q, increases; 2dly, that the distance 
of the visible horizon '* or boundary of our view from the eye, 
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viz. the line MN, increases; and, 3clly^ that the angle NMQ 
becomes less obtuse^ orj in ether words, the apparent angular 
diameter of the earth diminishes, being* nowhere so great as 
180°, or two right angles, but falling short of it by some sen- 
sible quantity, and that more and more the higher we ascend. 
The figure exhibits three states or stages of elevation, with 
the horizon, &c. corresponding to each, a glance at which will 
explain our meaning ; or, limiting ourselves to the larger and 
more distinct, M N O P Q, let the reader imagine n N M, 
M Q y to be the two legs of a ruler jointed at M, and kept 
extended by the globe .N m Q between them. It is clear, that 
as tlie joint M is urged home towards the suriace, the legs 
will open, and the ruler will become more nearly straight^ 
but will not attain perfect straightness till M iS brought 
fairly up to contact with the surfiice at m, in which case 
its whole length will become a tangent to the sphere at as 
is the line xy. 

(23.) This explains what is meant by the dip of the horizon^ 
M m, whicli is perpendicular to the general surface of the 
sphere at w, is also the direction in which a plumb-line'*‘ would 
hang ; for it is an observed fact, that in all situations, in every 
part of the cartli, the direction of a plumb-line is exactly 
perpendicular to the surface of still water; and, moreover, 
that it is also exactly perpendicular to a line or surface truly 
adjusted by a spirit-level* Suppose, then, that at our station 
M we were to adjust a line (a wooden ruler for instance) by 
a spirit-level, with perfect exactness ; then, if we suppose the 
direction of thlfe line indefinitely prolonged both ways, as 
XM Y, the line so drawn will be at right angles to M///, 
and therefoi^e parallel to xmy^ the tangent to the sphere at 
m. A 8p(ictator placed at M will therefore sec not only all 
the vault of the sky above this line, as X Z Y, but also that 
portion or zone of it which lies between X N and Y Q ; in 
other words, his sky will be more than a hemisphere by the 
Z(»ne Y Q X N. It is the angular breadth of this redundant 
zone — the angle YMQ, by which the visible horizon appears 
depressed below the direction of a spirit-level — that is called 

•’ See these instruments Hescribod in Chap. HI. 
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of the hoi'izon,* It is a correction of constant use in 
nautical astronomy. 

(24.) From the foregoing explanations it appears, 1st, That 
the general figure of the earth (so far as it can be gathered 
from this kiiaFuf observation) is that of a sphere or globe. 
In this we also include that of the sea, whicii, wherever it 
extends, covers and fills in those inequalities and local irregu- 
laritii's which exist on land, but which can of course only be 
regarded as trifling deviations from the general outline of the 
whole mass, as we consider an orange not the less round for 
the roughness on its rind. 2dly, That the ajipearance of* a 
visible horizon, or sea-offing, is a consequence of the curvature 
of the surface, and does not arise from the inability of the 
eye to Ibllovv objects to a greater distance, or from at- 
mospheric indistinctness. It will be worth whil'e to pursue 
the general notion thus acquired into some of its consequences, 
l)y which its consistency with observations of a ditrerent 
kind, and on a larger scale, will be put to the test, and a 
clear conception be formed of the manner in which the parts 
of the earth are related to each other, and held together as a 
whole. 

(25.) In the first place, then, every one wlio has passed a 
little while at the sea side is aware that objects may be seen 
perfectly well beyond the offing or visible horizon — but not 
the whole of them. We only sec their upper parts. TJu ir 
bases where they rest on, or rise out of the water, are hid 
fi-om view by the spherical surface of the sea, which protrudes 
V)etween them and ourselves. Suppose a ship, for instance, 
to sail directly away from our station; — at first, when the 
distance of the ship is small, a spectator, S, situated at some 
certain height above the sea, secs the whole of the ship, even 
to the water line wlicre it rests on the sea, as at A. As it 
recedes it diminishes, it is true, in apparent size, but still the 
whole is seen down to the water line, till it reaches tlie visible 
horizon at B. But as soon as it has passed this distance, not 
only does the visible portion still continue to diminish in 
apparent size, but the hull begins to disappear bodily, as if 
sunk below the surface. When it has reached a certain 
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digtanec, as at C, its luiU has entirely f anislied, but iho masts 
and sails remain, presenting the appearance c\ But if, in 
this state of things, the 
spectator (juickly as- 
cends to a hlglier sta- 
tion, T, whose visible 
horizon is at D, the 
luill. conies again in 
sight ; and, when lie 
descends again, he loses 
it. The ship still receding, the lower sails seem to sink below 
the water, as at r/, and at length the whole disappears : while yet 
tlie distinctness with which the last portion of th^ sail d is 
seen is such as to satisfy ns that Avere it not for the interposed 
segment of the sea, ABODE, the distance TE is not so 
groat as to have prevented an equally perfect view of the 
whole. 

(26.) The history of aeronautic adventure affords a curious 
illustration of the same principle. 'Jlic late Mr. Sadler, the 
celebrated aeronaut, ascended on one occasion in a balloon 
from Dublin, and was wafted across the Irish Channel, when, 
on his approach to tlic Welsh coast, the balloon descended 
nearly to the vSiirface of the sea. By this time the sun was 
set, and the shades of evening began to close in. lie threw 
out nearly all his ballast, and suddenly sprang upwards to «a 
great height, and by so doing brouglit his horizon to dtp 
bedow the sui\, ])ro(]ucing the whole phenomenon of a 
western sunrise. M, diaries in his memorable, ascent from 
Paris in 178S witnessed the same phenomenon. 

(27.) If we could measure the heights and exact distance 
of two stations which could barely be discerned from each 
other over the edge of the horizon, we could ascertain 
the actual size of the earth itself : and, in fact, were it 
not for the effect of refraction, by which we are enabled 
to see in some small degree round the interposed segment (as 
will be hereafter explained), this would be a tolerably good 
method of ascertaining it. Suppose A and B to be two 
eminence#, whose perjicndicular heights A a and B h (which 
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for simplicity, we will suppose to be exactly equal) are 
known, as well as their exact horizontal interval aDft, by 
measurement ; then it is clear 
that I), the visible horizon of 
both, will lie just half-way 
between them, and if we sup- 
pose aDb to be tlie sphere of 
the earth, and C its centre in 
the figure C D h li, we know 
D A, ilie length of the arch 
of the circle between D and ft, — viz. half the measured 
interval, and ft B, the excess of its secant above its radius — 
which is tlie height of B, — data which, by the solution 
of an easy geometrical problem, enable us to find the length 
of the radius D C. If, as Is really the case, we suppose both 
the heyghts and distance of the stations inconsiderable in 
comparison witli the size of the earth, the solution alluded to 
is contained in the I'ollowing proposition : — 

The earth^s diameter hears the same proportion to the distance 
of the visible horizon from the eye as that distance does to the 
height of the eye above the sea level 

When the stations arc unequal in height, the problein is a 
little more complicated. 

(28.) Although, as we have observed, the effect of refrac- 
tion prevents this from being an exact method of ascertaining 
the dimensions of the earth, yet it will suffice to afford such 
an approximation to it as shall be of use in the present stage 
of the reader’s knowledge, and help him to many just con- 
ceptions, on which account we shall exemplify its application 
in numbers. Now, it appears by observation, that two 
points, each ten feet above the surface, cease to be visible 
from each other over still water, and in average atmospheric 
circumstances, at a distance of about 8 miles. But 10 feet 
is the 528th part of a mile, so that half that distance, or 
4 miles, is to the height of each as 4 x528 or 2112: 1, and 
therefore in the same proportion to 4 miles is the length 
of * the earth’s diameter. It must, therefore, be equal to 




8i4e of the earth. 


2a 


4x2112 = 8448, or, ia round numbers, about 8000 •miles, 
which is not very far from the truth. 

(29.) Such is the first rough result of an attempt to 
ascertain the earth’s magnitude; and it will not be amiss, 
if we take advantage of it to compare it with objects we have 
been accustomed to consider as of vast size, so as to interpose 
a few stops between it and our ordinary ideas of dimension. 
We have before likened the inequalities on the earth’s 
surface, arising from mountains, valleys, buildings, &c. to 
the roughnesses on tlie rind of an orange, comj^ared with 
its general mriRss. The coui[)arison is quite free from exag- 
geration. The highest mountain known hardly exceeds five 
miles in per[)eTKlicular elevation : this is only one IQOOth part 
of the earth’s diameter; consequently, on a globe of sixteen 
inches Iji diameter, such a m<)untain would hct represented 
by a protuberance of no more tlian one hundredtli part of an 
inch, which is about the thickness of ordinary dra\ving-pa[)er. 
Now, as there is no entire continent, or even any vexy 
extensive tract of land, known, whose genei*al elevation 
above the sea is any thing like half this quantity, it follows, 
that if we would construct a correct model of our eaith, with 
its ijpas, continents, and mountains, on a globe sixteen inches 
ill diameter, the whole of the land, with the exception of 
a few prominent points and ridges, must bo com))rIsed on it 
within the thickness of thin writing-paper; and the highest 
hills would be represented by the smallest visible grains 
of sand. » 

(30.) The deepest mine existing does not pcnetnite half a 
mile below the surface : a scratch, or [)in-hoIe, duly re- 
presenting it, on the surface of such a globe as our model, 
WTiuld be imperceptible without a magnifier. 

(31.) The greatest depth of sea, probably, does not very 
much exceed the greatest elevation of the continents; and 
would, of course, be represented by an excavation, in about 
the same proportion, into the substance of the globe : so that 
the ocean conies to be conceived as a mere film of liquid, 
such as, on our model, would be left by a brush dipped 
in colomr, and drawn over those ]):irts intended to represent 
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the sea'; only, in so conceiving It, we must bear in mind that 
the resemblance extends no farther than to proportion in 
point of quantity. The mechanical laws which would regu- 
late the distribution and movements of such a film, and its 
adhesion to the surface, are altogether difFercnt from those 
which govern the phenomena of the sea. 

(32.) Lastly, the greatest extent of the earth’s surface 
which has ever been brought at once within the range of 
human vision was that which, but for clouds, would have 
been exposed to the view of Messrs. Glaisher and Cox well, 
in their balloon ascent of Sep. 5, 1863, to the enormous 
height of seven miles. To estimate the proportion of the 
area visible from this elevation to the whole earth’s surface, 
we must have recourse to the geometry of the sphere, Avhich 
informs us that the convex surface of a spherical segment is 
to the whole surface to which it belongs as the thickness of the 
Begment is to the diameter of the sphere ; and furtlicr, that 
this thickness, in the case we are considering, is almost ex- 
actly equal to the perpendicular elevation of the point of sight 
above the surface. The proportion, therefore, of the visible 
area, in this case, to the wdiole earth’s surface, is that of seven 
miles to 8000, or 1 to 1140. The portion visible from 
the Peak of Teneriffe, or Mowna Roa, is about one 4000th. 

(33.) When we ascend to any very considerable elevation 
above the surface of the earth, cither in a balloon, or on 
mountains, we are made aware, by many uneasy sensations, 
of an insufficient s^upply of air. The baroineter 5 >an instrument 
which informs us of the weight of air incumbent on a given 
horizontal siirfiicc, confirms this impression, and affords a 
direct measure of the rate of diminution of the quantity of 
air which a given space includes as we recede from the 
surface. From its indications we learn, that when we have 
ascended to the height of 1000 feet, we have left below us 
about one-thlrtieth of the whole mass of the atmosphere: — 
that at 10,600 feet of perpendicular elevation (which is rather 
less than that of the summit of ^^?tna*) we have ascended 


* The height of vEtna above the MecUtorraucan (as it results iVonM baromo- 
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throui^h about onc-tlurd; and at 18,000 feet (which is •nearly 
that of Cotopaxi) througli one-half the material, or, at least, 
the ponderable body of air incumbent ’on the earth’s surface, 
b'roin the progression of tlicse numbers, as well as, a priori^ 
from the nature of the air itself, which is cdmprcsfiihle^ i, e ca- 
pable of being condensed or crowded into a smaller space in 
proportion to the incumbent pressure, it is easy to see that, 
although by rising still higher we should continually got 
above more and more of the air, and so relieve ourselves more 
and more from the pressure with which it weighs upon us, 
yet tlie amount of this additional relief, or the ponderable 
quantity of air surmounted, would be by no means in pro- 
’portlon to the additional height ascended, but in a constantly 
decreasing ratio. An easy calculation, liowever, founded on 
our experimental knowledge of the properties of air, and tlic 
mechanical laws wliich regulate its dilatation and compression, 
is sufficient to show that, at an altitude above the surface of 
the earth not exceeding the hundredth part of its diameter, 
the tenuity, or rarefaction, of the air must be so excessive, that 
not only animal life could not subsist, or combustion be main- 
tained in it, but that the most delicate means we possess of 
ascertaining the existence of any air at all would fail to .afford 
the slightest perceptible indications of its presence. 

(34.) Laying out of consideration, therefore, at present, all 
nice questions .as to the probable existence of a definite limit 
to the atmosphere, beyond which there is, absolutely and 
rigorously speaking, no air, it is clear, that, for all practical 
purposes, we may speak of those regions which are more 
distant above the earth’s surface than the hundredth part of 
its diameter as void of air, and of course of clouds (which are 
nothing but visible vapours, diffused and Jloating in the air, 
sustained by it, and rendering it turbid as mud does water). 
It seems probable, from many indications, that the greatest 
height at which visible clouds e7)er exist does not exceed ten 
miles; at which height the density of the air is about an 
eighth part of what it is at the level of the sea. 

trical Tneasiiremcnt of my own, made in July, 1S24, under very favourabi# cir» 
cumstaitccs) is iO.S7‘2 English feet. — 
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(35.) We are thus led to regard the atmosphere of air, 
with the ch^uds it supports, as constituting a coating of equa- 
ble or nearly equable thickness, enveloping our globe on all 
sides ; or rather as an aerial ocean, of which the surface of 
the sea and land constitutes the bed, and whose inferior 
portions or strata, within a few miles of the earth, contain by 
far the greater part of tlie whole mass, the density diminish- 
ing with extreme rapidity as we recede upwards, till, within 
a very moderate distance (such as would be represented by 
the sixth of an incli on the model we have before spoken 
and which is not more in proportion to the globe.on which it 
rests, than tlie downy skin of a peach in comparison with the 
fruit witiiin it), all sensible trace of the existence of air dis- 
ap [>ears. 

(36.) Arguments, liowever, are not wanting to render it, 
if not absolutely certain, at least in the Ingliest degree pro- 
bable, liiat the surface of the aerial, llkti that of the aqueous 
ocean, havS a real and definite limit, as above hinted at; be- 
yond which there is positively no air, and above which a fresh 
quantity of air, could it be added from without, or carried 
aloft from below, instead of dilating itself indefinitely up- 
wards, would, after a certain vewy enormous but still finite 
enlargement of volume, sink and merge, as water pour(3<l 
into the sea, and distribute itself among the mass beneath. 
With the truth of this contfinsion, hawever, astronomy has 
little concern ; all the effects of the atmosphere in modifying 
astronomical phenomena being the same, wdiether it be sup- 
posed of definite extent or not. 

(37.) Moreover, whichever idea we adopt, within those 
limits in which it possesses any apprctiable density its con- 
stitution is the same over all points of the earth’s surface ; 
that is to say, on the great scale, and leaving out of con- 
sideration temporary and local causes of derangement, such as 
winds, and great fluctuations, of the nature of waves, which 
prevail in it to an immense extent. In other words, the 
law of diminution of the air’s density as we recede upwards 
from the level of the sea is the same in every column into 
which we may conceive it divided, or from whatever point of 
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the surface we may pet out. It ina^ therefore be considered 
as consisting of successively superposed strata or layers, each 
of the form of a spherical shell, concentric with the general 
surface of the sea and land, and eacli of wJncli is rarer, or spe- 
cifically lighter, than that iininediately btmeath it; and denser, 
or specifically heavier, than that immediately above it. This> 
at least, is the kind of distribution which alone would be con- 
sistent with the laws of the equilibrium of fluids. Inasmuch, 
however, as the atmosphere is not in perfect equilibrium, 
being always kept in a state of circulation, ovving to tlie ex- 
cess of heat* ill its equatorial regions over that at the poles, 
some slight deviation from the rigorous exjiressiori of this law 
* takes place, and in peculiar localities tlicre is reason to believe 
that even considerable permanent depressions of the contours 
of these krata, below their general or splierical level, subsist. 
But tiiese arc points of consideration rather for the meteoro- 
logist tlian the astronomer. It must be observed, moreover, 
that with this distribution of its strata the inequalities of 
mountains and valleys have little concern. Tlicse exercise 
hardly more influence in modifying their general spherical 
figure than the inequalities at the bottom of the sea interfere 
with the general sphericity of its surface. They would exer- 
cise absolutely none were it not for their effect in giving 
another than horizontal direction to the currents of air < on- 
stituting winds, as shoals in the ocean tlirow up the cur- 
rents which sweep over them towards the surface, and so 
in some smajl degree tend to disturb the perfect level of that 
surface. 

(38.) It is the power which air possesses, in common with 
all transparent media, of refracting the rays of light, or bend- 
ing them out of their straight course, which renders a know- 
ledge of the constitution of the atmosphere important to the 
astronomer. Owing to this property, objects seen obliquely 
through it appear otherwise situated than they would to the 
same spectator, had the atmosphere no existence. It thus 
produces a fidse impression respecting their places, which 
must be rectified by ascertaining the amount and direction of 
the displacement so apparently produced on each, before we 
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can come, at a knowledge '’of the true directions in which they 
are situated from us at any assigned moment. 

(39.) Suppose a spectator jdaced at -A, any point of the 
earth’s surface K A A ; and let 1j 1, M rn, N represent tlie 
successive strata or layers, of decreasing density, into which 
we may (‘oncelve the atmosphere to be divided, and wdiieh 
are spherical surfaces concentric with K A, the earth’s sur- 
face. Let S represent a star, or other heavenly body, be- 
yond the utmost limit of the atmosphere. Then, if the air 
were away, the spectator would see it in tlie direction of the 
Btraiglit line A S. IJut, in reality, when the ray ojf* light S A 
reaches the atmosphere, suppose at rf, it will, by the laws of 
optics, begin to bend downwards^ and take a more inclined 
direction, as d c. This bending will at first be imperceptible. 



owing to the extreme tenuity of the uppermost strata ; but 
as it advances downwards, the strata continually increasing 
in density, it will continually undergo greater and greater 
refraction in the same direction ; and thus, instead of pur- 
suing tlie straight line S A, it will describe a curve Sdc i a, 
continually more and more concave downwardwS, and will 
rcacli the earth, not at A, but at a certain ]joint a, neiV*cr to 



REFRACTION. 


29 


« 

S. This ray, consequently, will jiiot reach the spsctator'a 
eye. The ray by Which .he will see the star is, therefore, not 
S d A, but another ray which, liad tliore been no atmosphere, 
would have struck the earth at K, a point beJimd the spec- 
tator; but which, being bent by the air into tlie curve 
S D C B A, actually strikes on A. Now, it is "a law of op- 
tics, that ail object is see the direction which the yisnul 
ray has at the Instant of arriving at the qje^ without regard to 
what may have been otlierwise its course between the object 
and the eye. Hence the star S will be seen, not in the di- 
rection A S, but in tliat of A 5, a tangent to tlie curve 
SD C BA'', at A. But because the curve described by the 
, refracted ray is concave downwanls, the tangent A s will lie 
above AS) the unrefracted ray; consequenrly (he olject S 
will apjx^ar more elevated above the liorizon A II, when seen 
through the refracting atmosphere, than it would apjiear 
were there no such atmosphere. Since, however, the dis- 
iiosltion of the strata is the same in all directions around A, 
the visual ray will not be made to deviate laterally, but will 
remain constantly in the same vertical plane, S A C', passing 
througli the eye, the object, and the earth’s centre. 

(40,) The effect of tlie air’s refraction, then, is to raise all 
tke heavenly bodies higher above the horizon in ajipearance 
than they are in reality. Any such body, situated actually in 
the true horizon, will ap[)ear above it, or will have some certain 
apparent altUude (as it is called). Nay, even some of those 
{ actually below the horizon, and which would therefore be in- 
visible but (hr the effect of refraction, arc, by tliat effect, 
raised above it and brought into siglit. Thus, the sun, when 
situated at P below the true horizon, A H, of the vspectator, 
becomes visible to liim, as if it stood at by tlie refracted 
ray P gr ^ A, to which A is a tangent. 

(41.) The exact estimation of the amount of atmospheric 
refraction, or the strict determination of the angle S A s, by 
which a celestial object at any assigned altitude, II A S, is 
raised in appearance above its true place, is, unfortunately, a 
very difficult subject of physical inquiry, and one on whicli 
geometers (from whom alone wc can look for any information 
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on the subject) are not yet entirely agreed. The difficulty 
arises from this, that the density of any stratum of air Con 
which its refracting power depends) is affected not merely by 
the superincumbent pressure, but also by its temperature or 
degree of heat. Iv^ow, although we know that as we recede 
from the earih’s surface the temperature of the air is constantly 
diminishing, yet the /atv^ or amount of this diminution at 
different heights, is not yet fully ascertained. Moreover, the 
refracting power of air is perceptibly affected by its moisture ; 
and this, too, is not the same in every part of an aerial 
column ; neither are we acquainted with the laws of its distri- 
bution. The consequence of our ignorance on these points is 
to introduce a corresponding degree of uncertainty into the 
detcrniination of the amount of refraction, which affects, to a 
certain appretiable extent, our knowledge of several of the 
most important daia of astronomy. The uncertainty thus 
induced is, however, confined within such very narrow limits 
as to be no cause of embarrassment, except in the most 
delicate inquiries, and to call for no further allusion in a 
treatise like the present. 

(42.) A Table of Refractions,” as it is called, or a state- 
ment of the amount of apparent displacement arising from 
this cause, at all altitudes, or in every situation of a heavenly 
body, from the horizon to the (or point of the sky 

vertically above the spectator), and under all the circumstances 
in which astronomical observations ai*e usually performed 
which may influence the result, is one of the most important 
and indispensable of all astronorniciil tnbles, since it is only 
by the use of such a table we are enabled to get rid of an 
illusion which must otherwise pervert all our notions re- 
specting the celestial motions. Such have been, accordingly, 
constructed with great care, and are to be found in every 
collection of astronomical tables. Our design, in the present 
treatise, will not admit of the introduction of tables; and we 
must, therefore, content ourselves here, and in similar cases, 
with referring the reader to works especially destined to 


• From an Arabic word of this signihcatioii. Soe this term technically de6ned 
In Chap. II. 
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fuiniah these useful aids to calculation. It is, however, de- 
sirable that he should bear in mind the following general 
notions of its amount, and law of variations, 

(43.) 1st. In the zenith there is no refraction. A celestial 
object, situated vertically over head, is seen in its true direction, 
as if there were no atmosphere, at least if the air be tranquil. 

2dly, In descending from the zenith to tlie horizon, the 
refraction continually increases. Objects near the horizon 
appear more elevated by it above their true directions than 
those at a high altitude. 

3dly. The rate of its Increase is nearly in proporiiou to the 
tangent of the apparent angular distance of the object from 
the zenith. But this rule, which is not far from the truth, at 

t 

moderate zenith distayices^ ceases to give correct results in the 
vicinity pf the horizon, where the law becomes much more 
complicated in its expression. 

4thly. The average amount of refraction, for an object half- 
way between the zenith and horizon, or at an apparent alti- 
tude of 45^, is about 1/ (more exactly 57"), a quantity hardly 
sensible to the naked eye ; but at the visible horizon it 
amounts to no less a quantity than 33', which is ratlier more 
than the greatest apparent diameter of (*ither the sun or the 
moon. Hence it follows, that when we see the lower edge of 
the sun or moon just apparently resting on the horizon, its 
whole disk is in reality below it, and would be entirc^ly out of 
sight and concealed by the convexity of the earth, but for the 
bending round it, which the rays of light have undergone in 
their passage through the air, as alluded to in art. 40. 

5thly. That when the barometer is higher than its average 
or mean state, the amount of refraction is greater than its 
mean amount ; when lower, less : and, 

6thly. That for one and the same reading of the barometer 
the refraction is greater, the colder the air. The variations, 
owing to these two causes, from its mean amount (at temp. 
55^, pressure 30 inches), are about one 420th part of that 
amount for each degree of the thermometer of Fahrenheit, 
and one 300th for each tenth of an inch in die height of the 
barometer. 
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(44.) It follows from this, that one obvious effect of re- 
fraction must be to shorten the duration of night and dark- 
ness, by actually prolonging the stay of the sun and moon 
above the horizon. But even after they are set, the influence 
of the atmosphere ^still continues to send us a portion of their 
light; not, indeed, by direct transmission, but hj refiection 
upon the vapours and minute solid particles which float in it, 
and, perhaps, also on the actual material atoms of the air 
itself. To understand how this takes place, ^ve must recollect, 
that it is not only by the direct light of a luminous object 
that we see, but that whatever portion of its light which 
would not otherwise reach our eyes is intercepted in its 
course, and thrown back, or laterally, upon us, becomes to 
us a means of illumination. Such reflective obstacles always 
exist floating in the air. The whole coarse of a sun*beam 
penetrating through the chink of a Avindow-sliutter into a 
dark room is visible as a bright line in the air : and even if it 
be stifled, or let out through an ojiposite crevice, the light 
scattered through the apartment from this source is sufficient 
to prevent entire darkness in the room. The luminous lines 
occasionally seen in tlie air, in a s|;y full of partially broken 
clouds, which the vulgar term ^^the sun drawing water,” are 
similarly caused. They are sunbeams, through apertures, ^iu 
clouds, partially intercepted and reflected on the dust and 
vapours of the air below. Thus it is witli those solar rays 
which, after the sun is itself concealed by the convexity of 
the earth, continue to traverse the higher regions of the 
atmoKsphere above our heads, and pass through and out of it, 
without directly striking on the earth at all. Some portion 
of them is intercepted and reflected by the floating particles 
above mentioned, and thrown back, or laterally, so as to reach 
us, and afford us that secondary illumination, which is twi- 
light. The course of such rays will be immediately under- 
stood from the annexed figure, in which A B C D is the 
earth ; A a point on its surface, where the sun S is in the 
act of petting: its last lower ray SAM just grazing the 
surface at A, while its superior rays S N, SO, traverse the 
atmosphere abtn e A without striking the earth, leaving it 
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finally at the points P Q R, after being more or less bent in 
passing through it, tlie lower most, the higlier lesvS, and that 
which, like S R O, luerely grazes the exterior limit of the 
atmosphere, not at all. Let us consider several points, 
A, B, C, D, each more remote than the last from A, and each 
more deeply involved in the earth's shadow^ which occupies 
the whole space from A beneath the line A AI. Now, A just 
receives the sun’s last direct ray, and, bcwsldes, is illuminated 



by the whole reflective atmosphere P Q R T. It therefore 
receivCvS twilight from the whole sky. The point B, to which 
“the Sun lias set, receives no direct solar light, nor any, direct 
or reflected, from all tliat |)art of its visible atmosphere which 
is below A PM; but from the lenticular portion P R a:, 
which is traversed by the sun’s rays, and which lies above 
tlie visible horizon B R of B, it receives a twilight, which is 
strongest at R, * the point immediately below winch the sun 
is, and fades away gradually towards P, as the luminous 
part of the atmosphere thins otK At C, only the last or 
tliinnest portion, P Q ^ of the lenticular segment, thus illu- 
minated, lies above the horizon, C Q, of that place; here, 
then, the twilight is feeble, and confined to a small space in 
and near the horizon, which the sun has quitted, while at I) 
the twiliglit has ceased altogether. 

(45.) When the sun is above the horizon, it illuminates the 
atmosphere and clouds, and these again disperse and scatter a 
portion of its light in all directions, so as to send some of its 
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rays to every exposed*^ point, from eyery point of the sky. 
The generally diffused light, therefore, which we enjoy in 
the daytime, is a phenomenon originating in the very same 
causes as the twilight Were It not for the reflective and 
scattering* power of the atmosphere, no objects would be 
visible to us out of direct sunshine ; every shadow of a passing 
cloud would be pitchy darkness ; the stars would be visible 
all day, and every apartment, into which the sun had not 
direct admission, would be involved in nocturnal obscurity- 
Tbis scattering action of the atmosphere on tlie solar light, it 
should be observed, is increased by the irregularity of tem- 
perature caused by the same luminary in its different ])arts, 
wliich, dupng the daytime, throws it into a constant state ot' 
undulation, and, by thus bringing together masses of air of 
very unequal tcmpenftures, produces partial reflections and 
rel'ractions at their common boundaries, by whicli some por- 
tion of the light is turned aside from the direct course, and 
diverted to the purposes of general illumination. A secon- 
dary twilight, liowever, may be traced even beyond the point 
I), consequent on a re-reflection of the rays dispersed through 
the atmosphere in the primary one. The phenomenon scon 
in the clear atmosphere of* the Nubian desert, described by 
travellers under tlie name of the After-glow,” would seem 
to arise from this cause. 

(46.) From the cxj)lanation we have given, in arts. 39 and 
40, of the nature of atmospheric refraction, and the mode in 
which it is produced In the progress of a ray of light througli 
successive strata, or layers, of the atmosphere, it will be 
evident, that whenever a ray passes obliquely from a higher 
level to a lower one, or vice versa, its course is not rectilinear, 
but concave downwards; and of course any object seen by 
means of such a ray, must appear deviated from its tr ue place, 
whether that object be, like the celestial bodies, entirely be- 
yond the atmosphere, or, like tlie summits of mountains seen 
from the plains, or other terrestrial stations at different 
levels seen from each other, immersed in it. Every difference 
of level, accompanied, as it must be, with a difference of den- 
sity in the aerial strata, must also have, corresponding to it, 
a certain amount of refraction ; less, indeed, than what would 
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bo produced by the whole jitmospliere, but still often r>f very 
Mppretiable, and even considerable, amount. This refraction 
between terrestrial stdtions is termed terrestrial refraction^ to 
distlnouish it from that total effect wliich is only produced on 
celestial objects, or such as are beyond the atmosphere, and 
which is called celestial or astrononilcal refraction. 

(47.) Another effect of refraction is to distort the visible 
foriiKs and proportions of objects seen near the horizon. Tin*, 
snii, for instance, which at a considerable altitude always ap- 
pears round, assumes, as it approaches the hoi*izon, a flattened 
or oval outline ; its horizontal diameter being visibly greater 
than that in a vertical direction. When very near the hori- 
zon, this flattening is evidently more considerajdc on the 
lower side than on the upper; so that the apparent form is 
neither circular nor elliptic, but a spdbies of oval, wdiich de- 
viates more from a circle below than above. This singular 
effect, Avhich any one may notice in a fine sunset, arises from 
the rapid rate at which tlie refraction incixMises in approacli- 
ing the horizon. Were every visible point in the sun’s cir- 
cumference equally raised by refraction, it would still appear 
circular, though displaced ; but the lower portions being more 
, raised than tlie upper, the vertical diameter is thereby short- 
ened, while the two extremities of its horizontal diameter arc 
e<|nally raised, and in parallel directions, so that its apparent 
length remains tlie same. The dilated size ( generally) of the 
sun or moon, when seen near the horizon, ])eyond what tlicy 
appear to have when high up in the sky, has nothing to do 
with refraction. It is an illusion of the judgment, arising 
from the terrestrial objects interposed, or placed in close com- 
j)arIson with them. In that situation we view and judge of 
them as we do of terrestrial objects — in detail, and with an 
acquired habit of attention to parts. Aloft we have no asso- 
ciations to guide us, and their insulation in the expanse of 
sky leads us rather to undervalue than to over-rate their ap- 
parent magnitudes. Actual measurement wdth a proper in- 
strument corrects our error, without, however, dispelling our 
illusion. By this we learn, that tlie suii, when just on the 
liorizonj*subtends at our eyes almost exactly the same, and the 
nn>on a materially less angle, than when seen at a great alti- 

2 
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tilde iiiMhe sky, owing io its greater distance from us in the 
former situation as compared with the latter, as will be ex- 
[)lained farther oil 

(48*) After what has been said of the siiiall extent of the 
atmospliere in comparison with the mass of tlie earth, we shall 
liave little hesitation in admitting those luminaries whicli 
people and adorn the sky, and which, while they obviously 
form no part of the earth, and receive no support from it, are 
yet not borne along at random like clouds upon the air, nor 
drifted l>y the winds, to be external to our atmosphere. As 
such we have considered them while speaking of their refrac- 
tions — as existing in the immensity of space beyond, and 
situated, perhaps, for any thing we can perceive to the con- 
trary, at enormous distances from us and from each other. 

(49.) Could a spectator exist unsustained by the earth, or 
any solid su})port, he would sec aixiund him at one view the 
whole contents of space — the visible constituents of the 
universe : and, in the absence of any means of judging 
of their distances from him, would refer tliem, in the direc- 
tions in which they were seen from his station, to the con- 
cave surface of an imaginary sphere, having his eye for 
a centre, and its surface at some vast indeterminate distance. 
Perhaps he might judge those which appear to him large and 
bright, to be nearer to liim than the smaller and less brilliant ; 
but, independent of other means of judging, he would have 
no warrant for this opinion, any more than for the idea that 
all were equidistant from him, and really arn\nged on such a 
spherical surface. Nevertheless, there would be no impro- 
priety in his referring their places, geometrically speaking, to 
those points of such a purely imaginary sphere, which their 
respective visual rays intersect; and there would be much 
advantage in so doing, as by that means their appearance and 
relative situation could be accurately measured, recorded, and 
mapped down. The objects in a landscape are at every 
variety' of distance from the ey^e, yet we lay them all down 
in a picture on one plane, and at one distance, in their actual 
appurt nt proportions y and the likeness is not taxed with in- 
correctness, though a man in the foreground should be re- 
presented larger than a mountain in the distance. So it is 
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to a spectator of the heavenly bodies pictured, projhrted^ or 
mapped down on that imaginary sphere we call tlie shy or 
heaven. Thus, we iriay easily conceive that the moon, whicli 
ap[)ears to us as large as the sun, though loss briglit, may 
owe that apparent equality to its greater pro^cimity, and 
may be really much less ; wdiilc both the moon and sun may 
only appear larger and brighter than the stars, on account of 
the remoteness of the latter. 

(50.) A spectator on the earth’s surface is prevented, by 
the great mass on which he stands, from seeing into all that 
]K)rtion of space ’which is below him, or to see which lie must 
look in any degree dowiuvards. It is true that, if his place 
V)f observation be at a great elevation, tlie dip of jthe horizon 
will bring within tlie scope of vision a little more than a 
liemisphere, and refraction, wherever he may be situated, 
will enable him to look, as it were, a little round the corner ; 
but the zone thus added to his visual range can hardly ever, 
unless in very extraordinary circuinstances, exceed a couple 
of degrees in breadth, and is ahvays ill seen on account of the 
vapours near the horizon. Unless, then, by a change of his 
geographical situation, he should shift his horizon (whicli is 
always a plane passing through his eye, and touching the 
spherical convexity of the earth) ; or unless, by some move- 
ments proper to the heavenly bodies, they should of them- 
selves come above Ills horizon ; or, lastly, unless, by some 
rotation of the earth itself on its centre, the point of its sur- 
face which Ho occajiies should be carried round, and f)re- 
sented towards a ditferent region of space ; he would never 
obtain a sight of almost one half the objects external to our 
atmosphere. But if any of these cases be supposed, more, 
or all, may come into view according to the circumstances. 

(51.) A traveller, for example, shifting his locality on our 
globe, will obtain a view of celestial objects invisible from 
liis original station, in a way which may be not inaptly illus- 
strated by comparing him to a person standing in a park 
close to a large tree. The massive obstacle [iresen ted by its 
trunk cuts off his view of all those parts of the landscape 
wliicli U occupies as an object; but by walking round it a 
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complete successive vieiv of the whole panorama may be 
obtained. Just in the same way, if we set oft' from any 
station, as London, and travel southwards, we shall not fail 
to notice tliat many celestial objects which are never seen 
from London coihe successively into view, as if rising up 
above the horizon, night after night, from the south, although 
it is in reality our horizon, which, travelling with us south- 
wards round the sphere, sinks in succession beneatli them. 
The novelty and splendour of fresh constellations thus gra- 



dually brought into view in the clear calm niglits of tropical 
climates, in long voyages to the south, is dwelt upon by all 
who have enjoyed this spectacle, and never fails to imf)rcss 
itself on the recollection among the most delightful and in- 
teresting of the associations connected with expensive travel. 
A glance at the accompanying figure, exhibiting three suc- 
cessive stations of a traveller. A, B, C, ivith the horizon cor- 
responding to each, will place this process in clearer evidence 
than any description. 

(52.) Again: suppose the earth itself to have a motion of 
rotation on Its centre. It is evident that a spectator at rest 
(as it appears to him) on any part of it will, unperceived by 
Ifimself, be carried round with it: unperceived, we say, 
l)ecause his horizon will constantly contain, and be limited 
^by, the same terrestrial objects. He will have the same 
landscape constantly before his eyes, in which all thctfamiliar 
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objeci« in it, which serve him for Imitlmarlvs and dh;eCtioiis, 
retain, with respect *to lihnself or to eacii other, ilie same 
invariable situatioiis. » The perfect siiioothness and etpiMllty 
of the motion of so vast a mass, in which every object he sees 
around him participates alike, will (art. 15.)*prevent his enter- 
taining any suspicion of his actual change of place. Yet, 
with respect to external objects, — that is to say, all celestial 
ones which do not participate in the supposed rotation of the 
earth, — his horizon will have been all the while shifting in 
its relation to them, precisely as in the case of our traveller 
in the foregoing article. Eecurrlng to the figure of that 
article, it is evidently the same thing, so far as their visibility 
4s concerned, whether he has been curried by the earth s 
rotation successively into the situations A, 11, C ; ov a\ hether, 
the earth Ternaiuing at rest, he has transferred himself per- 
sonally along its surface to those stations. Our spectator in 
the park will obtain precisely the same view of the landscape, 
whether he walk round the tree, or whether we supj)()se it 
sawed off, and made to turn on an upriglit pivot, wliilc he 
stands on a projecting step attached to it, and allows himself 
tv) be carried round by its motion. Tlie only difference will 
be in his view of the tree itself, of Avliicjh, in the former ease, 
he*will see every part, but, in the latter, only that portion of 
it which remains constantly opposite to liirn, and immediately 
under his eye. 

(53.) By such a rotation of the earth, then, as we have 
supposed, the horizon of a stationary sj>ectator will bo c^on- 
stantly depressing itself below those objects which lie in tliat 
region of space towards wliich the rotation is carrying him, 
and elevating itself above those in the opposite quarter, ad- 
mitting into vicAV the former, and successively hiding the 
latter. As the horizon of every such spectator, however, 
appears him motionless, all such changes will l)e referred 
by him to a motion in the objects themselves so succicssively 
disclosed and concealed. In place of liis horizon approaching 
the stars, therefore, he will judge the stars to approacli Ivis 
horizon ; and when it passes over and hides any of them, he 
will consider them as having sunk below it, or sef. ; whilef^r 
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tliose It^has just disclosed, and from which it is receding, will 
seem to be rising above it. 

(54.) If we suppose this rotation of dhe earth to continue 
in one aiid^ the same direction, • — that is to say, to be {jer- 
formed round one* and the same axis^ till it has completed an 
entire revolution, and come back to the position from which 
it set out when the spectator began his obseiwations, — it is 
innnifest that every thing will then be in precisely the same 
relative position as at the outset; all the heavenly bodies will 
appear to occupy the same places in the concave of the shy 
which tlicy did at that instant, e:xcept sucli may have 
actually moved in the interim ; and if the rotation still con- 
tinue, the same phenomena of their successive rising and' 
setting, and return to the same places, will continue to be 
repeated in the same order, and (if the velocity of rotation be 
uniform) in equal intervals of time, ad injinitanu 

(55.) Now, in this we have a lively picture of that grand 
phcnomeiioii, the most important beyond all conij)arivSon w hicli 
nature presents, the daily rising and setting of the sun and 
stars, their progress through the vault of the lieavens, and 
their return to the same apparent places at the same hours of 
the day and night. The accomplishment of this restoration 
in the regular interval of twenty-four hours is the lirst in- 
stance we encounter of that great law of periodicity whicli, 
as we shall see, pervades all astronomy ; by which expression 
we understand the continual reproduction of the same pheno- 
mena, in the same order, at equal intervals of time. 

(56.) A free rotation of tlie earth round its centre, if it 
exist and be performed in consonance with the same mecha- 
nical laws w hich obtain in the motions of masses of matter 
under our immediate control, and within our ordinary ex- 
perience, must be such as to satisfy two essential conditions. 
It must be invariable in its direction ivUh respect to the sphere 
itselfy and uniform in its velocity. The rotation must be 
performed round an axis or diameter of the sphere, whose 
poles or extremities, where it meets the surface, correspond 


lUptoSoy, a round, a circulation or revolution. 
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always to tlie vsarne points on the sphere. Modes of j;otation 
of a solid body under the* influence of external agency are 
conceivable, in whicli^thc poles of the iiriaginary line or axis 
about which it is at any moment revolving shall hold no fixed 
places on the surface, but shift upon it every moment. Such 
changes, however, are inconsistent with the idea of a rotation 
of a body of regular figure about its axis of symmetry, per- 
formed ill free space, and without resistance or obstruction 
from any surrounding medium, or disturbing influences. Tlie 
complete absence of such obstructions draws with it, of ne- 
cessity, the strict fulfitlmenl of the two conditions above 
mentioned, 

* (57.) Now, these conditions are in perfect accordance wltli 
what we observe, and what recorded observation 'teaches us, 
ill respect 'of the diurnal motions of the heavenly bodies. Wo 
have no reason to believe, from history, that any senKsible 
cliange has taken place since the earliest ages in the interval 
of time elapsing between two successive returns of the same 
star to the same point of the sky; or, rather, it is demon- 
strable from astronomical records that no such cliange has 
taken place. And witli respect to the other condition, — 
the permanence of the axis of rotation^ — the appearances 
which any alteration In that respect must produce, would be 
marked, as we shall presently show, by a corresponding 
change of a very obvious kind in the apparent motions of tlie 
stars ; which, again, history decidedly declares tliem not to 
have undergone. 

(58.) But, liefore we proceed to examine more In detail 
liow the hypothesis of the rotation of the earth about an axis 
accords with the phenomena which the diiinial motion of the 
lieavenly bodies ofters to our notice, i^ will be proper to de- 
scribe, with precision, in what that diurnal motion consis/s, 
and how far it is participated in by them all ; or whether any 
of them form exceptions, wholly or partially, to the common 
analogy of the rest. We will, therefore, suppose the reader 
to station himself^ on a clear evening, just after sunset, when 
tlic first stars begin to appear, iu some open situation wheno,!} 
a good general view of the heavens can be obtained, lie 
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will tliQii perceive, a.bo\'^ and around him, as it were, a vrtKst 
concave hemispherical vault, beset ’with stars of various mag- 
nitudes, of wlilcli the brightest only will first catch his atten- 
tion in the twilight ; and more and more will appear as the 
darkness increases, till tl)e Avhole sky is ovci>spang!ed with 
them. When he has awhile admired the calm magnificence 
of this glorious si)ectacle, the tlieme of so much song, and 
of so mucli thought, — a spectacle which no one can view 
without emotion, and Avithout a longing desire to knoAv some- 
thing of its nature and purport, —• let Inm fix his attention 
more particularly on a few of the most brilliaiit stars, such 
as he cannot fiiil to recognize again without mistake after 
looking away from them for some time, and let him refei: 
their api)arent situations to some surrounding objects, as 
buildings, trees, &a, selecting purposely such as are in dif- 
ferent quarters of his horizon. On comparing them again 
with their respective points of reference, after a moderate 
interval, as the night advances, he will not fail to perceive 
tliat they have clianged their places, and advanced, as by a 
general movement, in a westward direction ; those towards 
the eastern quarter appearing to rise or recede from tlie 
horizon, Avhile those which lie towards the Avest Avill be seen 
to approach it ; and, if watched long enough, will, for ‘the 
most part, finally sink beneath it, and disappear ; wdiile others, 
in the eastern quarter, Avill he seen to rise as if out of the 
earth, and, joining in the genei'al jn'oeession, Avi 1.1 take their 
course^ Avith tlie rest towards the opposite quarter. 

(59.) If he persist for a considerable time in Avatching 
their motions, on the same or on several successive nights, he 
will perceive that eacli star appears to describe, as far as its 
course lies above the horizon, a circle in tlie sky ; that the 
circles so described are not of the same magnitude for all the 
stars ; and that tlioso described by ditferent stars differ greatly 
In respect oi\ tlie [larts of theniAvhich lie above the horizon. 
Some, which lie towards the quarter of the horizon which is 
denominated the South % only remain for a short time above 

We suppose our observer to be stationed in some northciD lAtiturJe; sou)o 
where in Europe, for c’Xiunpic. 
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5t, and disappear, alter describing in sight only the^ amall 
upper segment of their diurnal circle ; others, which rise 
between the south and. east, describe hunger Segments of their 
circles above the horizon, remain proportionally longer in 
sight, and set precisely as far to the westward of soutli as 
they rose to the eastward; Avhile such as rise exactly in tlie 
east remain just twelve hours visible, describe a semicircle, 
and set exactly In the west. With those, again, which rise 
between the east and north, the same law obtains ; at least, 
as far as regards the time of their remaining above the horizon, 
and the prop^ortion of the visible segment of their diurnal 
circles to their whole circumferences. Both go on increasing ; 
they remain in view more than twelve hours, and their visible 
diurnal arcs are more than semicircles. But the iftagnitudes 
of the circles themselves diminish, as we go from tlie east, 
northward ; the greatest of all the circles being describcid by 
those which rise exactly in the east point. Currying his eye 
farther northwards, he will notice, at length, stars wliicli, in 
their diurnal motion, just graze the horizon at its north point, 
or only dip below it for a moment ; while others never reach 
it at all, but continue always above it, revolving in entin? 
circles round ONE roiNT called the POLE, which apjiears to 
he the common centre of all their motions, and which alone, 
in the whole heavens, may be considered immoveable. Not 
that this point is marked by any star. It is a purely imagi- 
nary centre; but there is near it one conBidcrably bright 
star, called the Pole Star, which is easily recognized by the 
very small circle it describes; so small, indeed, that, without 
paying particular attention, and referring* its position very 
nicely to some fixed mark, it may easily be supposed at rest, 
and be, itself, mistaken for the common centre about wliieh 
all the others in that region describe their circles; or it may 
be known by its configuration with a very splendid and mr 
markable coiutellalion or group of stars, called by astronoiiiers 
the Gkeat Beak. 

(60.) Ho will further observe, that the apparent relative 
situations of all tlie stars among one anotlier, is not changed 
by their diurnal motion. In whate^'er parts of their circles 
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^ they‘(\re observed, or jfet whjitever liour of the night, they 
form with each other the same identical groups or configura- 
tions, to which the name of constellations hawS been given. 
It is true, that, In different parts of their course, these groups 
stand differently with respect to tlie horizon ; and those 
towards the north, when in the course of* their diurnal move- 
ment they pass alternately above and below that common 
centre of motion d(,'scrlbed in the last article, become actually 
inverted with respect to the horizon, while, on the other 
liand, they always turn the same points towards the pole. In 
sliort, he will perceive that the whole assemblage of stars 
visible at once, or in succession, in the heavens, may l>e 
regarded as one great constellation, which seems to revolve 
with a unrforin motion, as if it formed one coherent mass; or 
as If it were attached to the internal surface of a vast hollow 
sphere, having the earth, or rather the spectator, in its centre, 
and turning round an axis inclined to his horizon, so as to pass 
tlirough that fixed point or pole already mentioned. 

(61.) Lastly, he will notice. If lie have patience to out- 
watch a long winter’s night, commencing at the earliest 
moment when the stars appear, and continuing till morning 
twilight, tliat those stars which he observed setting in tlie 
west have again risen in the east, while those which were 
rising when he first began to notice them have completed 
tlieir course, and are now set ; and tliat thus the heinispherc, 
or a great part of it, which was then above, is now beneatli 
him, and its jdacc supplied by that which was at first under 
ills feet, which he will thus discover to be no less cojiiously 
furnished with stars than the other, and bespangled with 
groups no less permanent and distinctly recognizable. I'liUvS 
lie will learn that the great constellation we have above 
spoken of as revolving round the pole is co-extensive with the 
wliole surface of the sphere, being in reality nothing less than 
a universe of luminaries surrounding the earth on all sides, 
and brought in succession before his view, and referrc<l 
(each luminary according to its own visual ray or direction 
from his eye) to the imaginary siiherical surface, of which 
he himself occupies the centre. (See art. 49.) There is 
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always? therefore (he would justly al’giie), a star-bcbp,ahgled 
eario[)V over liis head, l)y day as well as by niglit, only that 
the glare of daylight (which he perceives gradually to efface 
the stars as the morning twilight comes on) prevents them 
from being seen. And such is really the base. ^The stars 
jictiially continue visible through telescopes in the day- 
time ; and, in proportion to the power of the instrument, not 
only the largest and brightest of them, but even those of 
inferior lustre, such as scarcely strike the eye at night as at 
all conspicuous, are readily found and followed even at noon- 
day, — unless^ in that part of the sky which is very near the 
sun, — by those who possess the means of pointing a tclescojic 
ifccuratcly to the proper places. Indeed, from tlie bottoms 
of deep narrow pits, sindi as a well, or the shaft df a mine, 
such briglit. stars as pass the zenith may even be discerned by 
the naked eye ; and wc have ourselves heard it stated by a 
celebrated optician, tlcit the eaidiest circumstance which drew 
his attention to astronomy was the regular appearance, at a 
certain hour, for several successive days, of a considerable 
star, through tlie shaft of a chimney. V enus in our climate, 
and even J upiter in the clearer skies of trojiical countries, 
arc often visible, without any artificial aid, to the naked eye 
of ^one who knows nearly where to look for them. During 
total eclipses of the Bun, tlie larger stars also appear in their 
profier situations, 

(62.) Dut to return to our incipient astronomer, whom we 
left contemplating the sphere of the heavens, as completed in 
imagination beneath his feet, and as rising up from thence in 
its diurnal course. There is one portion or segment of tills 
sphere of which he will not thus obtain a view. As there is 
a segment towards the north, adjacent to the pole above his 
liorizon, in which the stars imer set^ so there is a corresponding 
segment, about which the smaller circles of the more southern 
stars arc described, in which they never rise. The stars which 
border upon the extreme circumference of this segment just 
gmze the simtheni point of his horizon, and show themselves 
tor a few moments above it, precisely as those near the cir- 
cumference of the northern segment graze his northern 
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horijioii, and dip for ?i moment below it, to re-appear im- 
mediately. Every point in a spherical surface has, of course, 
another diametrically opposite to it; .and as the spectator’s 
horizon divides his sphere into two hemispheres — a superior 
and inferior — there must of necessity exist a depressed pole 
to the south, corresponding to the elevated one to the north, 
and a portion surrounding it, perpetually beneath, as there is 
anotlier surrounding the north pole, perpetually above it. 

“ llic ^'crtex nobis semper sublimis ; at illnm 
Sub pecUbus nox atra videt, maiiesque prorundi.”— Vraoi .. 

One pole rides higli, onc» plunged beneath the main, 

Seeks the deep night, and Pluto’s dusky reign. ■ 

(63.) To get sight of this segment, he must travel soutlr- 
wards. rii so doing, a new set of phenomena come forward. 
In proportion as he advances to the south, some of those con- 
stellations whieJ), at his original station, barely grazed the 
northern horizon, will be oliservcd to sink below it and set , 
at first remaining bid only for a very short time, but gra- 
dually for a longer part of the twenty-four hours. They 
will continue, however, to circulate about the same point — 
that is, liolding the same invariable position loifh rcapect to 
them in the concave of the heavens among the stars; but this 
point itself will become gradually depressed with res|)ec't to 
the spectator’s horizon. The axis, in short, about whicli the 
diurnal motion is performed, will appear to have become con- 
tinually less and less inclined to the horizon; and by the 
same degrees as the northern pole is depressed the soutliern 
will rise, and constellations surrounding it will come into 
view; at first momentarily, but by degrees for longer anti 
longer times in each diurnal revolution — realizing, in short, 
what we have already stated in art. ol. 

(64.) If he travel continually southwards, he will at length 
reach a line on the earth’s surface, called the equator^ at any 
point of which, indifferently, if he take up his station anti 
recommence his observations, he will find that he has botli 
the centres of diurnal motion in his horizon, occa[>yiivg op- 
posite points, the northern Pole having been depressed, and 
the southern raised , so that, in this geographical position, 
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the dhiriiMl rotation of the heavens Will appear to hijn to be 
porfovined about a hdrizoiltal axis, every star describing half 
its diurnal circle above and half beneath his horizon, rc- 
niaiiiing alternatedy visible for twelve hours, and concealed 
diirlug the same interval. In this situalw)ii, no part of the 
heavens is concealed from his successive view. In a night of 
twelve hours (sup[>osing such a continuance of darkness j)os- 
sible at the equator) the whole sphere will liave passed in 
review over him — the whole hemisphere with which he began 
his night’s observation will have been carried down })cne!ith 
him, and the entire (>pi)osite one brought up from below. 

(65.) If he pass the equator, and travel still frulhcr soutli- 
•wards, the southern pole of the heavens will become elevated 
above his horizon, and the ncrtheni will sink below it ; and 
tlie more*, the farther he advances southwards; and when 
arrived at a station as far to the south of the equator as that 
from wliicli he started \vas to the north, he wdll find the 
whole plienoinena of the heavens reversed. The stars tvhich 
at his original station described tlieir whole diurnal circles 
above his horizon, an<l never set, now describe them entirely 
below it, and never riscy but remain constantly invisible to 
him; and vice verso, those stars wduch at his former station 
li? never saw, he will now never cease to see. 

(66.) Finally, if, instead of advancing soutluvards from 
his first station, lie travel northwards, lie will observe tlu*, 
northern pole of the heavens to become more elevated above 
his horizon, and the southern more depressed below it. In 
consequence,' his hemisphere will present a less variety of 
stars, because a greater proportion of the whole surhice of 
the heavens remains constantly visible or constantly in- 
visible: the circle described by each star, too, becomes more 
nearly parallel to the horizon ; and, in short, every appearance 
leads to suppose that could he travel far enough to the north, 
he would at length attain a point vertically under the north- 
ern pole of the heavens^ at which none of the stars wotihi 
either rise or set, but each would circulate round the horizon 
in circles parallel to it. Many endeavours have been made 
to reach this point, which is called the north p<jle of the 
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earthibnt hitbcito witbout success; a barrier of almost In*- 
surmountable difficulty being preseiifed by the increasing 
rigour of‘ the climate : but a very near approach to it has 
been made ; and the plienomena of those regions, though not 
precisely such as ewo have described as what must subsist at 
the pole itself, have proved to be in exact correspondence 
with its near proximity. A similar remark applies to the 
south j)oIc of tlic earth, which, however, is more unai>- 
jnxaichable, or, at least, has been less nearly apj^roached, than 
the north. 

(67.) The above is an account of the pheuoiiicna of. the 
diurnal motion ot the stars, as modified by dlllerent geogra- 
pliical situations, not grounded on any s})ec illation, but 
actually observed and recorded by travellers ai^d voyagers. 
It is, however, in complete accordance with the hypothesis 
of a rotation of the earth round a fixed axis. In order to 
show this, however, it will be necessary to premise a few ob- 
servations on parallfictic motion in general, and on the appear- 
ances presented by an assemblage of remote objects, when 
viewed from different parts of a small and circumscribed 
station. 

(68.) It has been shown (art. 16.) that a spectator in 
smooth motion, and surrounded by, and forming part of; a 
great system partaking of the same motion, is unconscious of 
his own movement, and transfers it in idea to objects external 
and unconnected, in a contrary direction; those which lie 
l(‘aves behind appearing to recede from, and those wffiich he 
advances towards to approach, him. Not ofily, however, 
do external objects at rest appear in motion generally, with 
respect to ourselves when we are in motion among them, 
but they appear to move one among the other — they shift 
their relative apparent places. Let any one travelling 
rapidly along a high road fix his eye steadily on any ob- 
ject, but at the same time not entirely withdraw bis atten- 
tion from the general landscape, — he will see, or think he 
sees, the whole landscape thrown into rotation^ and moving 
round that object as a centre; all objects between it and 
himself Mj)j>earing to move backwardsy or the contrary way 
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to his own motion ; and all beyond it, forward'?, or, in tliP 
direction in which he inovbs : but let him withdniw his eye 
from that object, and. fix it on another, — a nearer one, for 
instance, — immediately the appearance of rotation shifts 
also, and the apparent centre about which this illusive 
circulation is performed is transferred to the new object, 
which, for the moment, appears to rest. This apparent 
change of situation of objects with respect to one another, 
arising from a motion of the spectator, is called a parallactic 
motion. To see the reason of it we must consider that the 
[losition of every object is referred by us to the surface of an 
imaginary spfiere of an indefinite radius, having our eye lor 
Us centre ; and, as we advance in any direction, A B, carry - 
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ing this imaginary sphere along with us, the v isual rays A P, 
A Q, by which objects are referred to its surface (at C, for 
instance), shift their positions with respect to the line in which 
•wewiove, A B, which serves as an axis or line of reference, 
and assume new positions, BPji?, BQ< 7 , revolving round 
their respective objects as centres. Their intersections, there- 
fore, 5 ^, with our visual sphere, wdll appear to recede on its 
surface, but with different degrees of angular velocity in pro- 
portion to th^ir proximity; the same distance of advance 
A B subtending a greater angle, A P B = c P at the near 
object P than at the remote one Q. 

(69.) A consequence of the familiar appearance we have 
adduced in illustration t'f these principles is worth noticing, 
as we shall have occasion to refer to it hereafter. We ob- 
serve that every object nearer to us than that on wliich our 
eye is fixed appears to recede, and those farther from us to 
advance in illation to one another. If then we did not know, 
or could not judge by any other appearances, which of two 
ubje4H8 were nearer to us, this apparent advance or recess of 
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one of tKein, when the (fye h kept steadily fixed on the other 
wonld furnish a criterion. In a*^dai'k night, for instance, 
when all intermediate objects are unseen, tlic apparent rela- 
tive movement of two lights which we are assured are them- 
selves fixed, will decide as to their relative proximities. That 
which seems to advance with us and gain upon the other, or 
leave it beliind it, is the farthest from us. 

(^70.) The apparent angular motion of an object, arising 
from a change of our point of view, is called in general paral- 
lax^ and it is always expressed by the angle A P B .mbtended 
at the object P (see fig. of art. 68.) by a line joining the two 
points of view A B under consideration. For it is evident 
that the difference of angular position of P, with respect to 
the invariable direction A B D, when viewed from A and 
from B, is the difference of the two angles I) B P anVl I) A P ; 
now, D B P being the exterior angle of the triangle A B P, 
is equal to the sum of the interior and opposite, D B P = 
BAP + APB, whence DBF - DAP- A PB. 

(71.) It follows from what has been said that the amount 
of parallactic motion arising from any given change of our 
point of view is, cceteris paribus^ less, as the distance of an 
object view^ed is greater ; and when that distance is extremely 
great in comparison with the change in our point of view, ihe 
parallax becomes insensible; or, in other words, objects do 
not appear to vary in situation at all. It is pn this principle, 
that in alpine regions visited for the first time we are sur- 
prised and confounded at the little progress we appear to 
make by a considerable change of place. An hour’s walk, for 
instance, produces but a small parallactic change in the re- 
lative situations of the vast and distant masses which surround 
us. Whether we walk round a circle of a hundred yards in 
diameter, or merely turn ourselves round in its centre, the 
distant panorama presents almost exactly the same aspect, — 
we hardly seem to have changed our point of view. 

(72.) Whatever notion, in other respects, we may form of 
the stars, it is quite clear they must be Immensely distant. 
Were it not so, the apparent angular interval between any 
two of ihem seen over head would be much greater tnaa 
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when seen near the horizon, and the couiilcllations, instead of 
preserving the same appearances and dimensions during their 
whole ditirnal course, w ould appear to enlarge as they rise 
liigher in the sky, as w^e see a small cloud in the horizon 
swell into a great overshadowing canopy when drifted by the 
wind across our zenith, or *as may be seen in the annexed 
figure, where n A B, n 5, are three different positions of 
the same stars, as they would, if near the earth, be seen from 



a spectator S, under the visual angles « A S B. No such 
change of apparent dimension, however, is observed. The 
nicest measurements of the apparent angular distance of any 
two stars inter se^ taken in any parts of their diurnal course, 
(a^ter allow ing for the unequal effects of refraction, or when 
taken at such times that this cause of distortion sliall act 
equally on both,) manifest not the slightest percej)tible va- 
riation. Not only this, but at wdiatcver point of the earth’s 
surface the measurement is performed, the results are 
lately identical. No instruments ever yet invented by man 
are delicate enough to indicate, by an increase or diminution 
of the angle subtended, that one point of the earth i^ nearer 
to or further from the stars than another. 

(73.) The necessary conclusion from this is, that the 
dimensions of the earth, large as it is, are comparatively 
nothiny^ absolutely imperceptible, when compared with the 
interval which separates the ■ stars from the earth. If an 
observer walk round a circle not more than a few yards in 
<liameter, and from different points in its circumference 
measure with a sextant or other more exact instrument 
Hdapted for the purpose, the angles P A Q, P B Q, P CQ, sub- 



tended Ut tiiose statiuiis by two jvcll-defiiied points in liia 
visible horizon, PQ, }ie will at once be advertised, by the 
difFereiice of the results, of his change of distance from them 
arising from his change of place, although that difference may 
be so small ns to produce no change in their general aspect to 
his unassisted sight. Tins is one of the innumerable instances 
where accurate measurement obtained by instrumental means 
places us in a totally different situation in respect to matters 
of fact, and conclusions thence deducible, from what we should 

o 



hold, were we to rely in all cases on the mere jiidgiucat ot 
the eye. To so great a nicef}- have such (observations Ihoma 
carried by tlie aid of an instrument called a theodolite, that a 
circle even a few inches in diameter may thus be rendered 
sensible^ may thus be detected to ha\e a sizt\ and an as- 
certainable placey by reference to ob jects distant i>y fill I \' 
1 00, 000 time^ its own dimensions. ObservatKons, diflcring. 
It is true, somewhat in method, but identical in principle, and 
executed with quite as much exactness, have been applied to 
the stars, and with a result such as has been already stated. 
Hence it follows, incontrovertibly, that the distance of the 
stars from the earth cjinnot be so small as 100,000 of the 
earth’s diameters. It is, indeed, Incomparably greater ; for 
we shall hereafter find it fully demonstrated that the distance 
just' named, immense as it may appear, is jet much under- 
rated. 

(74.) From such a distance, to a spectator with our fa 
and furnished with our instruments, the earth would 
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Be Imperceptible; and, reciprocally, 'an object of the earth’s 
size, placed at the distance of the stars, would be equally un- 
discernible- If, tlierefore, at the point on which a spectator 
stands, we draw a plane touching the globe, and prolong it in 
imagination till it attain the region of the ^tars, fpid through 
the centre of the earth conceive another plane parallel to the 
former, and co-extensive with it, to pass ; these, although 
separated throiigliout their whole extent by the same interval, 
viz. a semidiameter of the earth, will yet, on account of the 
vast distance at w^hich that interval is seen, be confounded 
together, anj undistinguishable from each other in the region 
of the stars, when viewed by a spectator on the earth. The 
^one they tlierc include will be of evanescent breadth to his 
eye, and will only mark out a great circle in the heavens, one 
and the same for both the stations. Tins great circle, when 
spoken of as a circle of the sphere, is called the celestial 
horizon or siin[)ly the horizon, and the two planes just de- 
scribed are also spoken of as the sensible and the rational 
horizon of the observer’s station. 

(75.) From what lias been said (art. 73.) of the distance of 
the stars, it follows, that if we suppose a spectator at the 
centre of the earth to have his view bounderl by the rational 
hi^izon, in exactly the same manner as that of a corresponding 
spectator on the surface is by his sensible horizon, the two 
observers will see the same stars in the same relative si- 
tuations, each beholding that entire hemisphere of the heavens 
which is above the celestial horizon, corresponding to their 
common zenith. Now, so far as appearances go, it is clearly 
the same thing whether the heavens, that is, all space with 
its contents, revolve round a spectator at rest in the earth s 
centre, or whether that spectator simply turn round in the 
opposite direction in his place, and view them in succession. 
The aspect of the heavens, at every instant, as* referred to his 
horizon (which must be supposed to turn with him), will be 
the same in l>oth suppositions. 4nd since, as has been shown, 
appearances are also, so far as the stars are concerned, the 
same to a spectator on the surface as to one at the centre, it 
follows that, whether we suppose the heavens to revolvjc 
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without*' the earth, or tile earth within the lieaveiis, in the 

^ • 

opposite direction, the diurnal phenomena, to all its inhabitants, 
will be no way different. 

(76.) The Coperniean astronomy adopts the latter as the 
true explanation of these phenomena, avoiding thereby the 
necessity of otherwise resorting to the cumbrous mechanism 
of a solid but invisible sphere, to which the stars must be 
supposed attached, in order that they may be carried round 
the earth without derangement of their relative situations mter 
se. Such a contrivance would, indeed, suffice to explain the 
diurnal revolution of the stars, so as to save appearances ; 
but the movements of the sun and moon, as well as those of 
the planets^ are incompatible with such a supposition, as will 
appear when we come to treat of these bodies. On the 
other hand, that a spherical mass of moderate dimensions (or, 
rather, when compared wdth the surrounding and visible uni- 
verse, of evanescent magnitude), held by no tie, and free to 
move and to revolve, should do so, in conformity with those 
general laws which, so far as we know, regulate the motions 
of all material bodies, is so far from being a postulate difficult 
to be conceded, that the wonder would rather be should the 
fact prove otlierwise. As a postulate, therefore, we shall 
henceforth regard it; and as, in the progress, of our wofk, 
analogies offer themselves in its support from what wc ob- 
serve of other celestial bodies, we shall not fail to point them 
out to the readers notice. 

(77.) The earth’s rotation on its axis so admitted, explain- 
ing, as it evidently does, the apparent motion of the stars in 
a completely satisfactory manner, prepares us for the further 
admission of its motion, bodily, in space, should such a 
motion enable us to explain, in a manner equally so, the 
apparently complex and enigmatical motions of the sun, 
moon, and planets. The Copernican astronomy adopts this 
idea in its full extent, ascribing to the earth, in addition to its 
motion oi rotation about an axis, also one of translation or 
transference through space, in such a course or orbity and so 
regulated in direction and celerity, as, taken in conjunction 
with the motions of the other bodies of the universe, shall 
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render a ratiouul account of the appelirances they succ<?sVively 
j)resent, — that is to say, an account of which the several parts, 
postulates, propositions, deductions, intelligibly cohere, with- 
out contradicting each other or the nature of things as 
concluded from experience. In this view 6f the ,Copernican 
doctrine it is rather a geometrical conception than a physical 
theory, inasmuch it simply assumes the requisite motions, 
without attempting to explain their mechanical origin, or 
assign them any dependence on physical causes. The Kew- 
toniaii theory of gravitation supplies this deficiency, and, by 
showing tint all die iimtlons required by the Copernican con- 
ception 7nust^ and that no others can, result from a single, 
•intelligible, and very simple dynamical law, has given a 
degree of certainty to this conception, as a matler of fact, 
winch attaches to no other creation of the human mind. 

(78.) To understand this conception in its further develop- 
ments, the reader must bear steadily in mind the distinction 
between relative and absolute motion. Nothing is easier to |ier- 
ceive than that, if a spectator at rest view a certain number 
of moving objects, they will group and arrange themselves 
to his eycy at each successive moment, in a very different 
way from what they would do were he in active motion 
affioiig them, ~ if he formed one of them, for instance, and 
joined in their dance. This is evident from what has been 
said before of parallactic motion ; but it will be asked, How 
is such a spectator to disentangle from each other the two 
parts of the a^iparent motions of these external obj(Jcts, — that 
which arises from the effect of his own change of {dace, and 
which is therefore only apjmrent (or, as a German meta- 
physician would say, subjective — having reference only to 
him as perceiving it), — and that which is real (or objective — 
having a positive existence, whether perceived by him or 
not) ? By wliat rule ivS he to ascertain, from the appearances 
presented to him wliile himself in motion, wliat tvoiild he tlie 
appearances were he at rest? It by no means follows, indeed, 
that he would even then at once obtain a clear conception 
of all the motions of all the objects. The ap])earances so pre- 
sented to him would have still something subjective about them. 
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Tiiey YV'ould be still oppearancts^ not, geoirietricul realities. 
They would still have a refei'ence to the point of view, which 
might be very uulavourably situated indeed, is the case 
in our system) for affording a clear i»otiori of tlie real niove** 
ment of eacli objeht. No geometrical figure, or curve, is seen 
by the eye as it is conceived by*' the mind to exist in reality. 
The laws of perspective interfere and alter the aj)parent di- 
rections and foreshorten the dimensions of its several parts. 
If the spectator be unfavourably situated, as, for instance, 
nearly in tlie plane of the figure (which is tlie case we have to 
deal witli), they may do so to such an extent, as to make a 
considerable effort of imagination necessary to pass from the 
sensible to the real form. 

(79.) Still, preparatory to this ultimate step, it is first ne- 
cessary that the spectator should free or clear the appearances 
from the disturbing influence of his own change of place. 
And this he can always do by the following general rule or 
[iroposition : — 

The relative motion of two bodies is the same as if either 
of them were at rest^ and all its motion communicated to the 
other m an opposite direction. * 

Hence, if two bodies move alike, they' will, when seen 
from eacli other (without reference to other near bodies, 6nt 
only to the starry sphere), appear at rest. Hence, also, if the 
absolute motions of two bodies be uniform and rectilinear, 
their relative motion is so also. 

(80.) The stars are so distant, that as we )iave seen it is 
absolutely indifferent from what point of the earth’s surface we 
view them. Their configurations inter se are identically the 
same. It is otherwise with the sun, moon, and planets, which 
are near enough (especially the moon) to be parallactically 
displaced by change of station from place to place on our 
globe. In order that astronomers residing on different points 

• This proposition is equivalent to the following, which precisely meets tVse 
case proposed, but requires somewhat more thought for its clear apprehension 
than can perhaps be expected from a beginner: — 

pRt>p. — ff two bodien^ A and B. be in motion independently of each other t the 
motion ivhich B seen from A would appear to have, if A were at rent is the mme 
wuh that vdneh it u onld appear to have, A being in motion, if in addition to its own 
ff nn-tif'n eq-wd tc A's nrd j;t the direction v-re to if. 
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the earth’s surface should be abJe to compare thplr ol>- 
servations with effect, it is* necessary that they should clearly 
understand and take account of this clFect of the dlfFerenee 
of tlicir stations on the appearance of the outward universe 
as vseeii froni each. As an exterior ohjedt seen from one 
would appear to have shifted its place were the spectator 
siuldenly transported to the other, so two spectators, viewing 
it from the two stations at the same instant, do not sec it in 
the same direction. Hence arises a necessity for the adoption 
of a conventional centre of reference, or imaginary station 
of observation common to all tlie world, to which each ob- 
server, wherever situated, may refer (or, as it is called, 
reduce) his observations, by calculating and allowing for the 
effect of his local position with respect to that common centre 
(supposing him to possess the necessary data). If there were 
only two observers, in fixed stations, one might agree to refer 
his observatioiivS to the other station ; but, as every locality 
on the globe may be a station of observation, it is far more 
convenient and natural to fix upon a point equally related to 
all, as the common point of reference; and this can be lio 
other than the centre of the globe itself. The parallactic 
change of aj)par(3nt place which would arise in an object, 
*co&ld any observer suddenly transport himself to the centre 
of the earth, is evidently the angle C S P, subtended at the 
object S by that radius C P of the earth which joins its 
centre and the place P of observation. 
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CHAPTER II. 

TKEMINOLOaY AND ELKMENTARY GEOMETRICAL CONCEPTIONS AND 

RELATIONS. TERMINOLOGY RELATING TO THE GLOBE OP THK 

EARTH — TO THE CELESTIAL SPHERE. — CELESTIAL PERSPEC- 
TIVE. ^ 

(81.) Several of the terms in use among astronomers have 
been explained in the preceding chapter, and others used anti- 
cipativcly. But the technical language of every subject 
requires to be fonruilly stated, both for consistency of usage 
and definiteness of conception. Wc sliall therefore proceed, 
in the first place, to define a number of terms in perpetual 
use, having relation to tlie globe of the earth and the celestial 
sptiere. 

(82.) Definition 1. The axis of the earth is that dia- 
metcr about which it revolves, with a uniform motion, 
west to east ; performing one revolution in the interval wKich 
elapses between any star leaving a certain point in the 
heavens, and returning to the same point again. 

(83.) Def. 2. The poles o? the earth are the points where 
its axis meets its surface. The North Pole is that nearest to 
Eui'ope ; the South l*oIe that most remote from it. 

(84.) Def. 3. The eartlCs equator is a great circle on its 
surface, equidistant from its poles, dividing it into two hemi- 
spheres — ^a northern and a southern; in the midst of which 
are situated the respective poles of the earth of those names. 
The plane of the equator is, therefore, a plane perpendicular 
to the earth’s axis, and passing through its centre. 

(85.) Def. 4. The terrestrial meridian of a station on the 
earth’s surface, is a great circle of the globe fiassing through 
both poles and through the place. The plane of the meridian 
is the plane in which that circle lies. 
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(^86.) Dep. 5. The sensible and ^loh-ational horizon of* any 
Htation have been already defined in art. 74. 

(87.) Dep. 6. A mevidian line the line of intersection of 
the plane of the meridian of any station with the plane of the 
sensible horizon, and therefore marks the iiorth and south 
points of the horizon, or the directions in which a spectator 
must set out if he would travel directly towards the north or 
south pole. 

(88.) Dep. 7. The latitude of a place on the earth’s surface 
is its angular distance from the equator, measured on its own 
terrestrial meridian : it is reckoned in degrees, minutes, and 
seconds, from 0 up to 90^, and northwards or southwards ac- 
cording to the hemisphere the place lies in. Thus, the obser- 
vatory at Greenwich is situated in 51° 28' 40" north latitude. 
This definition of latitude, it will be observed, is to be con- 
sidered as only temporary. A more exact knowledge of the 
physical structure and figure of the earth, and a better ac- 
quaintance with the niceties of astronomy, will render some 
modification of its terms, or a different manner of considering 
it, necessary. 

(89.) Def. 8. Parallels of latitude are small circles on the 
earth’s surface parallel to the equator. Every point in such 
a cRrcle has the same latitude. Thus, Greenwich is said to 
be situated in the parallel of 51° 28' 40". 

(90.) Dicf. 9. The longitude of a place on the earth’s 
surface is the inclination of its meridian to that of some fixed 
station referred to as a point to reckon from. English astro- 
nomers and geographers use the observatory at Greenwich for 
this station; foreigners, the principal observatories of their 
respective nations. Some geographers have adopted the island 
of Ferro, Hereafter, when we speak of longitude, we reckon 
from Greenwich. The longitude of a place is, therefore, 
measured by the arc of the equator intercepted between the 
meridian of the place and that of Greenwich ; or, which is the 
same thing, by the spherical angle* at the pole included 
between these meridians. 

(91.) As latitude is reckoned north or south, so longitude is 
usually said to be reckoned west or east. It would add 
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greaUy, however, to systematic regularity, and tend much to 
avoid confusion and ambiguity In computations, were this 
inode of expression abandoned, and longitudes reckoned inva- 
riably ivestward from their origin round the whole circle from 
0 to 3(50°. ThVis, the longitude of Paris is, in common 
parlance, either 2° 20' 22" east, or 357° 39' 38" west of 
Green wi<‘h. But, In the sense in which we shall henceforth 
use and recommend otliers to use the term, the latter is its 
proper designation. Longitude is also reckoned in time at 
the rale of 24 h. for 360°, or 15° per lioiir. In this system 
the longitude of Paris is 23 h. 50 m. 39 * 

(92.) Knowing the longitude and latitude of a place, it 
may be Iai<l down on aii artificial globe ; and thus a map cf 
the earth 'may be constructed. Maps of particular countries 
are detached portions of this general map, extended into 
planes ; or, rather, they are representations on planes of such 
portions, cxocnted according to certain conventional systems 
of rules, called projections^ the object of wliich is either to 
distort as little as possible the outlines of countries from what 
they arc on the globe — or to establish easy means of ascer- 
taining, by inspection or gmphical measurement, the latitudes 
and longitudes of places which occur in them, without re- 
ferring to the globe or to books — or for other peculiar uses. 
See Chap, I V. 

(93.) Def. 10. The Tropics are two parallels of latitude, 
one on the north and the other on the south side of the 
equator, over every point of which respectively, the sun in 
its diurnal course passes vertically on the 21st of June and 
the 21st of December in every year. Their latitudes are 
about 23° 28' respectively, north and south. 

(94.) Def. II. The Arctic and Antarctic circles are two 
small circles or parallels of latitude as distant from the north 
and south poles as the tropics are from the equator, that is 
to say, about 23° 28' ; their latitudes, therefore, are about 


* To distinguish minutes and seconds of time from those of angular measure 
wc shall invariably adhere to the distinct system of notation here adopted 
and h. m. s.). Great confusion sometimes iirisi^s from the practice ot 
using the same for both. 
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6(r 32'. We say about., for the placA of these circles pxid of 
the tropics are contiriually shifting on the earth’s surface, 
though with exti'cme .slowness, as will be explainefl in Its 
proper pin CO. 

(95.) Dlf. 12. The sphere of the heaven^ or of the stars 
is an imaginary spherical surface of infinite radius, having the 
eye of any spectator for its centre, and which may be con- 
ceived as a ground on which the stars, planets, &c., tlie visible 
contents of the universe, are seen projected as in a vast 
picture. * 

(96.) Def. 13. The poles of the celestial sphere are the 
points of that imaginary sphere towards which the earths 
ukkLs is directed. 

(97.) Dee. 14. The celestial equator, or, as it is oiten called 
by astronoiners, tlie equmoctialy is a great circle of the celestial 
sphere, marked out by tlie indefinite extension of the plane 
of the terrestrial equator. 

(98.) Def. If). The celestial horizon of any place is a great 
circle of the spheie marked out by the indefinite extension of 
the plane of any spectator’s sensible or (which comes to the 
same thing as will presently be showm), his rational horizon, 
us in the case of the equator. 

^9.) Def. 16. The zenith and nadir \ of a spectator arc 
the two points of the sphere of the heavens, vertically over 
his head, and vertically under his feet, or the poles of 


* 'I lie kleal sph^^rc without us, to which we refer the places of objects, and 
wliich u*e carry along with us wherever we go, is no doubt intimattUy con- 
nected by association, if not entirely dependent on that obscure perception of 
sensation in the retinae of our eyes, of which, even when closed and iine^'Cited, 
we can!)ot entirely divest them. We have a real spherical surface within out 
ey(?s, the scat of sensation and vision, corresponding, point for point, to the ex- 
ternal sphere. On thi.s the stars, &c. are really mapped down, as we have sttp- 
))osed them in the text to be, on the imaginary concave, of the heavens. When 
the whole surface of the retina is excited by light, habit leads us to associate it 
with the idea of a real surface existing without us* Thus we become iinpro.ssed 
with the notion of « s/ty and a he,aven^ but the concave surface of the retina itself 
is the ti lie seat of all visibfe angular dimension and angular motion. The sub- 
stitution of the retina for the heavens would be awkward and inconvenient in 
language, but it may always be mentally made. (See Schiller’s pretty enigma 
on the eye in his Turandot.) 

I From Arabic words semt, vertex, and afnai^hir, correspondingor opposite to 
Nadir corresponds evidently to the German niedtr (down ), whence our nethir. 
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the cWcstial horizon; tliat is tt) say, points 90° distant from 
every point in it. 

(100.) Def. 17. Vertical of the sphere are great 

circles passing through the zenith and nadir, or great circles 
perpendicglar to the horizon. On these are measured the 
altitudes of objects above the horizon — the complements to 
which are their zenith distances, 

(101.) Def. 18. The celestial meridian of a spectator is the 
great circle marked out on the sphere by the prolongation of 
the plane of his terrestrial meridian. If the earth be sup- 
posed at rest, this is a fixed circle, and all the st^rs are carried 
across it in their diurnal courses from east to west. If the 
stars rest and the earth rotate, the spectator’s meridian, like 
Ills horizon (art. 52.), sweeps daily across the stars from 
west to east. Whenever in future we speak of tile meridian 
of a spectator or observer, we intend the celestial meridian, 
which being a circle passing through the poles of the heavens 
and the zenith of the observer, is necessarily a vertical circle, 
and passes through the north and south points of the 
horizon. 

(102.) Def. 19. The/^rifmc vertical is a vertical circle per- 
pendicular to the meridian, and which therefore passes through 
the eavSt and west points of the horizon. 

(103.) Def, 20. Azimuth the angular distance of a ce- 
lestial object from the north or south point of the horizon 
(according as it is the north or south pole which m elevated)^ 
when the object is referred to the horizon by a vertical circle; 
or it is the angle comprised between two vertical planes — -one 
passing througli the elevated pole, the other through the 
object. Azimuth may be reckoned eastwards or westwards, 
from the north or soutli point, and is usually so reckoned 
only to 180° either way. But to avoid confusion, and to 
preserve continuity of interpretation when algebraic symbols 
are used (a point of essential importance, hitherto too little 
insisted on), we shall always reckon azimuth from the points 
of the horizon most remote from the elevated pole, westimrd (so 
as to agree in general directions with the apparent diurnal 
motion of the stars), and carry its reckoning from 0° to 360** if 
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always reckoned posithe, considering the eastward recjconia^^ 
as negative. 

(104.) Def. 21. TJie altitude of a heavenly body is its ap- 
parent angular elevation above the liorizon. It is tlie com- 
plement to 90^, therefore^ of its zenith distance.^ The alti- 
tude and azimuth of an object being known, its place in the 
visible heavens is determined. 

(105.) Def. 22. Tlie decimation of a lieavenly body is its 
angular distance from the equinoctial or celestial equator, or 
the coinpleriient to .90® of its angular distance from the 
nearest jole, whicli latter distance is called its Polar distance. 
Declinations are reckoned plus or minus, according as the 
object is situated in the northern or soutliern celestial hemi- 
sphere. Polar distances are always reckoned fromihe North 
Dole, front 0® up to 180®, by whiclj all doubt or ambiguity 
of expi'cssion witli respect to sign is avoided. 

(106.) Def. 23. Hour circles of the sphere, or circles of 
(k^clination, are great circles passing througli the poles, and 
of course perjiendiciilar to the e(|uinoctial. The hour circle, 
passing through any particular heavenly body, serves to 
refer i* to a point in the equinoctial, as a vertical circle does 
to a point In the horizon. 

***^107.) Def. 24. The hour angle of a heavenly body is the 
angle at the pole included between the hour circle passing 
tliroiigh the body, and the celestial meridian of the place of 
observation. We shall always reckon it positwehj from the 
upper culrriination (art. 125.) westwards, or in conformity 
with the apparent diurnal motion, completely round the 
circle from to 360*^. Hour angles, generally, arc angles 
Included at the pole between different liour circles. 

(108.) Def. 25. The riaht ascension of a heavenly body 
is the arc of the equinoctial included between a certain point 
in tliat circle called the Vernal Equinox, and the point in tlie 
same circle to wliich it is refen'cd by the circle of declination 
passing through it. Or it is the angle included between two 
hour circles, one of which passes through the vernal equinox 
(and is called the equinoctial colure), the other through the 
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body/ , How the place <5f* this iiiithil point on the equinoctial 
18 determined^ will be explained further on, 

(109.) The right ascensions of celestial objects are always 
reckoned eastwards from the equinox, and are estimated 
cither in degreed, minutes, and seconds, as in the case of 
terrestrial longitudes, from 0° to 360"^, which completes the 
circle ; or, in time, in hours, minutes, and seconds, from Oh, 
to 24lu The. apparent diurnal motion of the heavens licing 
contrary to the real motion of the earth, this is in conformity 
with the Avestvvard reckoning of longitudes. (Art. 91.) 

(110.) Sidereal time is reckoned by the diurnal motion of 
the stars, or rather of that point in the equinoctial from 
which right ascensions are reckoned. This point may be 
considered as a star, though no star Is, in fact, there; and, 
moreover, the point itself is liable to a certain slow variation, 
— so slow however, as not to affect, perccjrtibly, the inter vaK 
of any two of its successive returns to the meridian. Thi.'^ 
interval Is called siden'al day, and is divided into 24 sidereal 
hours, and these again into minutes and seconds. A clock 
which marks sidereal time, i. c. which goes at such a rate as 
always to show Oli, Orn. Os. when the equinox comes on tlio 
meridian, is called a sidereal clock, and is an inrlispensable 
piece of furniture in every observatory. Hence the hot ft 
angle of an object reduced to time at the rate of Ib^per 
hour, expresses the interval of sidereal time by wliich (if 
its reckoning be positive) it has past the meridian > or if 
negative, the time it wants of arriving at tlie meridian of the 
j;>1ace of observation. So also the riglit ascension of an ob- 
ject, if converted into time at the same rate (since being 
described uniformly in 24 hours, IS"" must be so describe<l 
in 1 hour), will express the interval of sidereal time which 
elapses from the passage of tlie vernal equinox across tlie 
meridian to that of the object next subsequent. 

(111.) As a globe or maps may be made of the whole or 
particular regions of tlie surfoce of the earth, so also a globe, 
or general map of the heavens, as well as charts of particu- 
lar parts, may be constructed, and the stars laid down ia 
their }>roper situations relative to each other, and to the polea 



tkkminoloot: 05 

> f 

of the heavens and the celestial c(|uator* Such a representa- 
tion, once uiiide, will exhibit a true ajipearance of the stars 
as they present themselves in succession to every sjiectator 
on the surface, or as they may be conceived to be seen at 
once by one at the centre of the globe. It is, therefore, in- 
dependeiit of all (jeotjraphical loealllies. There will occur in 
siicli a rcyjiresentation neither zenith, nadir, nor horizon — 
neither east nor west points; and although great circles may 
be drawn on it IVoni pole to pole, corresfionding to terrestrial 
incrMia ns, tliey can no longer, in this point of view, be re- 
garded as tlie .celestial meridians of fixed points on the eartirs 
surface, since, in tlie course of one diurnal revolution, every 
pfant in it j>asses beneath each of them. It is on account of 
this change of conception, and with a vi(iw to estalvlish a 
complete distinction between the two l)raiiches of Geography 
and Uranography* ^ that astronomers liave adopted difierent 
terms, (viz. declination and right ascensio7t) to represent those 
arcs in the heavens which correspond to latitudes and longi- 
tildes on the earth. It is for this reason that they terra the 
equator of the heavens the equinoctial; that what are me- 
ridians on the earth are called hour circles in the heavens, 
and tlie angles they include between them at the poles are 
called hour angles. All this is convenient and intelligible ; 
and had they been content with tins nornenclaturo, no con- 
fusion could ever have arisen. Unluckily, the early astro- 
nomers have employed also the words latitude and longitude 
in their uranogi;aj)hy, in speaking of arcs of circles not cor- 
responding to those meant by the same words on the earth, 
but having reference to the motion of the sun and phiaets 
among the stars. It is now too late to reinedyThis confusion, 
which is ingrafted into every existing work on astronomy : 
we can only regret, and warn the reader of it, that he may 
be on his guard when, at a more advanced period of our work, 
we shall have occasion to define and use the terms in their 
celestial sense, at the same time urgently recommending to 
future writers the adoption of others in their places, 

Fti, the earth ; ypa<pttv, to describe or represent ; ovpavof, the !iea\eii. 

F 
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(112.) It remaiiis to illustrate these descriptions by re- 
ference to a figure. Let C be the centre of the earth, N C S 



its axis ; then are N and S its poles ; E Q its equator ; A B 
the parallel of latitude of the station A on its surface ; A P 
parallel to S C N, the direction in which an observer at A will 
see the elevated pole of the heavens ; and A Z, the prolonga- 
tion of the terrestrial radius C A, that of his zenith. N A E S 
will be his meridian ; N G S that of some fixed station^ 
Greenwich ; and G E, or the spherical angle G N E, his lon- 
gitude^ and E A his latitude. Moreover, if 71 s be a plane 
touching the surface in A, this will be his sensible horizon ; 
w A s marked on that plane by its intersection with his me- 
ridian will be his meridian line, and n and & the north and 
south points of his horizon. 

G 13.; Again, neglecting the size of the earth, or conceiving 
him stationed at its centre, and referring every thing to his 
rational liorizon ; let the annexed figure rejiresent the sphere 
of the heavens ; C the spectator ; Z his zenith ; and N his 
nadir: then will H AO a great circle of the sphere, whose 
[K>les are Z N, be his celestial horizon; Y p the elevated and 
depressed POLES of the heavens ; 1 1 P the altitude of the poUy 
and H P Z E O his meridian ; E T Q, a great circle perpen- 
dicular to P will be the equinoctial ; and if T represent the 
r^piiniJX, T T w^iJl be the ripkt ascen.nonj T S the declination^ 
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aiui F S the polar distmice of any star or object S> referred 
tu the equinoctial by the hour circle P ST p; and BSD 



will be the diurnal circle it will appear to describe about the 
poie. Again, if we refer it to tlic horizon by the vertical 
circle Z S M, O M will be its azimuth, M S its altitude, and 
Z S its zenith distance. H and O are the north and south, 
e w the east and west points of his horizon, or of the heavens. 
Moreover, if 11 A, O o, be small circles, or parallels of dccli'- 
nation^ touching the horizon in its north and south points, 
.iiA will be the circle of perpetual apparitioriy between which 
and the elevated pole the stars never set ; O o that of per- 
petual occtdtation^ between which and the depressed pole they 
never rise. In all the zone of the heavens between H A and 
On, they rise and set; any one of them, as S, remaining 
above the horizon in that part of its diurnal circle repre- 
sented by a B A, and below it throughout all the part repre- 
oented by A D a. It will exercise the reader to construct 
this figure for several different elevations of the pole^ and for a 
variety of positions of the star S in each. 

(114.) Celestial perspective is that branch of the general 
science of perspective which teaches us to conclude, from a 
knowledge of the real situation and forms of objects, lines, 
angles, motions, &c. with respect to the spectator, their ap* 
parent aspects, as seen by him projected on the imaginary 
conceive of the heavens; and, versa^ from the apparent 
configurations and movements of objects so seen projected. 
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to conclude, so far as they can be thpnce concluded, their 
real geometrical relations to each other and to the spectator. 
It agrees with ordinary perspective wh’en only a small visual 
area is contemplated, because the concave ground of* the 
celestial sjjiere, for a small extent, tuay be regarded as a 
plane surface, ou wbicli objects are seen projected or depicted 
as in common perspective. But when large amplitudes of the 
visual area are considered, or when the whole contents of 
Space are regarded as projected on the whole interior surface 
of the splu re, it becomes necessary to use a dilferent phra- 
seology, and to resort to a different form of conception. In 
common perspective there is a single point of sight,” or 
‘‘ centre of the picture,” the visual line from the eye td 
which is perpendicular to the plane of the picture,” and all 
straight lines are rcj)resented by straiglit lines. In celestial 
perspective, every point to which tlie view is for the moment 
directed, is equally entitled to be considered as the centre 
of the picdaire,” every portion of the surface of the sphere being 
siinilarly related to tlie eye. Moreover, every straight line 
(supposed to be indefiuitely prolonged) is projected into a 
semicircle of the sphere, that, namely, in whicli a plane passing 
through the line and tlie eye cuts its surface. And every 
system of jiarallel straight lines, in whatever direction, is pro- 
jected into a system of semicircles of the sphere, meeting in 
two coinnion apexes, or vanishing points, diametrically op- 
posite to each other, one of which correspon<]s to the vanishing 
point of parallels in ordinary perspective ; the /)ther in such 
perapecti\ e has no existence. In other words, every point in 
tlie sphere to which the eye is directed may be regarded as one 
f>f the vanishing points, or one apex of a system of straight 
lines parallel to that radius of the sphere which passes through 
it or to the direction of the line of sight, seen in perspective 
from the earth, and the point diametrically opposite, or that 
from which he is looking, as the other. And any great circle 
of the sphere may similarly be regarded as the vanishing circle 
of a system of planes, parallel to its own. 

(115.) A familiar illustration of this is often to be had by 
attending to the lines of light seen in the air, when the sun’s 
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ravs are darted through apertures in clouds, the sun itself 
being at the time obscured behind them. These lines which, 
marking the course of rays emanating from a point almost 
infinitely distant, are to be considered as parallel straight lines, 
are thrown into great circles of the sphere, having two apexes 
or points of common intersection — one in the place where 
the sun itself (if not obscured) would be seen, the other di- 
ametrically opposite. The first only is most commonly sug- 
gested when the spectator’s view is towards the sun. But 
in mountainous countries, the phenomenon of sunbeams 
converging towards a point diametrically opposite to tlie sun, 
and as much depressed below the horizon as the sun is elevated 
above it, is not unfrequently noticed, the back of the spectator 
being turned to tlie sun’s place. Occasionally, but much 
more rarely, the whole course of such a system of sunbeams, 
stretching in semicircles across the liemisphere from horizon 
to horizon (the sun being near setting), may be seen.^ Thus 
again, the streamers of the Aurora Borealis, which are doubt- 
less clectri(5al rays, parallel, or nearly parallel to ea(di other, 
and to the dipping needle, usually appear to diverge from the 
jioint towards which the needle, freely suspended, would dip 
northwards (z. c. about 70^ below the horizon and 23"^ west of 
TiWth from London), and in their upward progress pursue 
the course of great circles till they again converge (in ap 
poarance) towards the point diametrically o[)posite (/. e, 70^ 
above the horizon, and 23 ° to the eastward of south), 
forming a sort of canopy over head, having that point for its 
centre. So also in the phenomenon of shooting stars, the 
lines of direction which they appear to take on certain re- 
markable occasions of periodical recurrence, are observed, if 


• It is in such cases only that we conceive them as circh s, the ordinary conven 
tions of plane perspective becoming untenable. The author had the good fortune 
to witi>ess on one occasion the phenomenon described in the text under circum- 
stances of more than usual grandeur. Approaching Lyons from the smitl> on 
Sept. 30. 182G, about 5\h. p. m., the sun was seen nearly setting behind broken 
tnasses of stormy cloud, from whose apertures .streamed forth beanis of rose- 
coloured light, traceable all across the hemisphere almost to their opposite point 
of convergence beliind the snowy precipices of jMont Blanc, conspicuously 
visible at nearly 100 miles to the eastward. . The impression produced was that 
f>f* another hut feebler sun about to rise from behind the mountain, and darting 
forth precursory beams to meet those of the real one opposite. 
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prolonged backwards, ajpparently to meet nearly in one point 
of the sphere ; a certain indication of d general near approach 
to parallelism in the real directions of ^ their motions on those 
occasions. On which subject more hereafter. 

(116.) In relation to this idea of celestial perspective, we 
may conceive the north and south poles of the sj)herc as the 
two vanishing points of a system of lines parallel to the axis 
of the earth; and the zenith and nadir of those of a system 
of perpendiculars to its surface at the place of observation, 
&c. It will be shown that the direction of a plumb-line at 
every place is perpendicular to the surface of still water at 
that place, winch is the true horizon; and though mathe- 
matically speaking no two plumb-lines are exactly parallel 
(since they converge to the earth's centre), yet over very 
small tracts, such as the area of a building — in one and the 
same town, &c., the difference from exact parallelism is so 
small that it may be practically disregarded. * To a spec- 
tator looking upwards such a system of plumb-lines will ap- 
pear to converge to his zenith ; downAvards, to In's nadir. 

(117.) So also the celestial equator, or the equinoctial, must 
be conceived as the vanishing circle of a system of planes pa- 
rallel to the earth’s equator, or perpendicular to its axis. The 
celestial horizon of any spectator is in like manner the; 
vanishing circle of all planes parallel to his true horizon, of 
’which planes his rational horizon (passing through the earth’s 
centre) is one, and his sensible horizon (the tangent plane of 
his station) another. 

(118.) Owing, liowevcr, to the absence of all the ordinary 
indications of distance which influence our judgment in re- 
spect of terrestrial objects; owing to the want of determinate 
figure and magnitude in the stars and planets as commonly 
seen — the projection of the celestial bodies on the ground of 
the heavenly concave is not usually regarded in this its true 
light of a perspective representation or jneturey and it even re- 
quires an effort of imagination to conceive them In their true 
relations, as at vastly different distances, one behind the other, 

• An interval of % mile corresponds to a convergence of plumb-lines amount- 
ing *Ct V'trru'wbat less sysirc th.m a odnitte. 
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and forming with one another lines of junction violently fore- 
shortened, and including singles altogether differing from 
those which their projected represent afions appear to mahe. 
To do so at all with effect presupposes a knowledge of their 
actual situations in space, which it is the business of astro- 
nomy to arrive at by appropriate considerations* But the 
connections which subsist among the several parts of the pic^ 
turc^ the purely geometrical relations among the angles and 
sides of the spherical triangles of which it consists, constitute, 
under the name of U ranometry *, a preliminary and sub- 
ordinate branch of the general science, with which it is 
necessary to be familiar before any further progress can be 
made. Some of the most elementary and frequently oc- 
curring of these relations we proceed to explain. •And first, 
as immedhite conse([uences of the above definitions, the fol- 
lowing proj)ositions will be borne in mind. 

(119.) The altitude of the elevated pole is erpial to the lati 
trtde of the spectators geographical station. 

For it appears, see fg, art. 112., that the angle P A Z be- 
tween the pole and the zenith is eciual to N C A, and the angles 
Z A n and N C E being right angles, we have P A = A C E. 
Now the former of these is the elevation of the pole as seen 
Yfum E, the latter is the angle at the earth's centre subtended 
by the arc E A, or the latitude of the place. 

(120.) Hence to a spectator at the north pole of the earth, 
the nortli pole of the heavens is in his zenith. As he travels 
southward it becomes less and less elevated till he reaches 
the equator, when both poles are in his horizon — south of 
the equator tlie nortli pole becomes depressed below, while 
the south rises above his horizon, and continues to do so till 
the south pole of the globe is reached, when that of the 
heavens will be in the zenith. 

(121.) The same stars, in their diurnal revolution, come to 
the meridian, successively^ of every place on the globe once 
in twenty-four sidereal hours. And, since the diurnal ro- 
tation is uniform, the interval, in sidereal time, which elapses 


tlir ItcHvcns ; to measiirf! : Iht- nl tht* 
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icHjtw6eii the BJinie star ' coming upon the inericlians of two 
different places is measured by the difference of longitudes 
of the places. 

(122.) Vice versa — the interval elapsing between two 
ferent stars coming on the meridian of one and the same place ^ 
expressed iii sidereal time, is the measure of the difference of 
right ascensions of the stars, 

(123.) The equinoctial intei-sects the horizon in the east 
and west points, and the meridian in a point whose altitude 
is equal to the co-latitude of the place. Thus, at (Ireenwich, 
of which the latitude is 5 V 28' 40", the altitude of the in- 
tersection of the equinoctial and meridian is 38° 31' 20". 
The north and south poles of the heavens are the j)oles o{ 
tlie eqiiiiicrctiaL The east and west points of the horizon of a 
sj)ectator arc the poles of his celestial meridian. The north 
and south points of his horizon are the poles of his prime ver 
tical, and his zenith and nadir are the poles of his horizon, 

(124.) All the heavenly bodies culminate (i, e. come to their 
greatest altitudes) on the meridian ; which is, therefore, the 
best situation to ol)serve them, being least confused by the 
inequalities and vapours of the atmosphere, as well as least 
displaced by refraction. 

(125.) All celestial objects within the circle of perpetuVu 
apparition come twice on the meridian, above tlie horizon, in 
every diurnal revolution ; once above and once below the pole. 
These are called their upper and lower cjdmmations, 

(126.) The problems of nranometry, as we have described 
it, consist in the solution of a variety of spherical triangles, 
both right and oblique angled, according to the rules, and 
by the formulae of spherical trigonometry, which we suppose 
known to the reader, or fior which he will consult appropriate 
treatises. We shall only here observe generally, that in all 
problems in which spherical geometry is concerned, the student 
will find it a useful practical maxim rather to consider the 
poles of the great circles which the question before him refers 
to than the circles themselves. To use, for example, in the 
relations he has to consifler, polar distances rather than de- 
clinations, zenith distances rather than altitudes. &c. Bear- 
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ing this in mind, there are few problcims in uranoiiietry w^hich 
will offer any ditBciilty. T»hc following are the conibiiuitions 
whieh most coininonly oecur for solufion tohen the place of 
one telestial object only on the sphere is eoncerned. 

(127.) In the triangle Z P S, Z Is the zenith, P the 
elevated pole, and S the star, svin, or other celesitial object. 
In this triangle occur, 1st, P Z, which being the comjde- 
merit of P H (the altitude of the pole), is obviously the com- 
plement of the latitude (or the co-platitude^ as it is called) of 
the place; 2d, P S, i\\Q polar distance^ or the complement of 
the declination {co-declination^ of the star; 3d, Z S, the 
zenith distance or co -altitude of the star. If P S be greater 
than 90®, the object is situated on the side of the equinoctial 
opposite to that of the elevated pole. If Z S be Svf, the ob 
ject is belo^v the horizon. 

In the same triangle the angles are, 1st, Z P S the hour 
angle ; 2d, P Z S (tlie supplement of S Z O, which latter 
is the azimuth of the star or other heavenly body), 3d, P S Z, 
an angle which, from the infrequency of any practical re- 
ference to it, hjivs not acfpiired a name.* 

The following five astronomical magnitudes, then, occur 
among the sides and angles of this most useful triangle : viz. 
icst, The co-latitude of the place of observation; 2d, the 
polar distance ; 3d, the zenith distance ; 4th, the hour angle ; 
and 5th, the sub-azimutli (supplement of azimuth) of a given 
celestial object ; and by its solution therefore may all pro- 
blems be resolved, in which three of these magnitudes are 
directly or indirectly given, and the other two required to lie 
found. 

(128.) For example, suppose the time of rising or setting 
of the sun or of a star were required, having given its right 
ascension and polar distance. The star rises when apparently 
on the horizon, or really about 34' below it (owing to refrac- 
tion), so that, at the moment of its apparent rising, its zenith 

• In the practical discussion of the measures of double stars and other objects 
by the aid of the position micrometer, this angle is sometimes required to be 
known ; and, when so required, it will be not inconveniently referred to as ‘‘the 
“ngle of position of the zemth/* 
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ilustaiice is 90® 34' = ZS. Its polar distance PS being also 
given, 'and the co-latitude ZP of„ the •place, we have given 



N 


the three sides of the triangle, to find the liour angle Z P S, 
which, being known, is to be added to or subtracted from the 
star s right ascension, to give the sidereal time of slotting or 
rising, which, if we [deasc, may 1)C converted into solar time 
hy the proper rules and tables. 

(129.) As another example of the use of the same triangle, 
we may propose to find tlie local sidereal time, and the latitude 
of the {>lace of observation, by observing e([iial altitudes of tW 
same star east and west of the meridian, and noting the interval 
of the observations in sidereal time. 

Tlie hour angles corresponding to equal altitudes of a fixed 
star being equal, the hour angle east or west will be ineasured 
by half the observed interval of the oiiscrvat’lons. In our 
triangle, then, we have given this hour angle Z P S, the polar 
distance P S of the star, and Z S, its co-alt.itude at the moment 
of observation. Hence wc may find P Z, the co-latitudc of 
the place. Moreover, the hour angle of the star being known, 
and also its right ascension, the point of the equinoctial is 
known, which is on the meridian at the moment of observa- 
ation ; and, therefore, the local sidereal time at that moment. 
This is a very useful observation for determining the latitude 
and time at an unknown station. 
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CHAPTER HI. 

OF THK NATURE OP ASTRONOM7CAU INSTRUMENTS AND ODSERVA- 

TIONS IN GENERAL. OF SIDEREAL AND SOLAR TIMl?. OF THE 

MEASUREMENTS OF TIME. CLOCKS, CEIR0N0METP:RS, OF AS- 

TRONOMICAL measuri:me:nts. — principle op telescopic sights 

TO INCREASE THE ACCURACY OF POINTING. — SIMPLEST APPLICA- 
TION OF THIS PRINCIPLE. THE TRANSIT INSTRUMENT. OF THE 

MEASUREMENT OP ANGULAR INTERVALS. METHODS OF INCREAS- 
ING THE ACgURACY OF READING. THE VERNIER. — THE MICRO- 
SCOPE. OF THE MURAL CIRCLE. THE MERIDIAN CIRCLE. 

FIXATION OF POLAR AND HORIZONTAL POINTS. THE LEVEL, 

PLUMB-LINE, ARTIFICIAL HORIZON. PRINCIPLE OF CO^^LIMATION. 

COLLIMATORS OF KJTTENllOlJSE, KATER, AND BOllNENBERGEK. 

OF COMPOUND INSTRUMENTS WITH CO-ORDINATE CIRCLES THE 

EQUATORIAL, ALTITUDE, AND AZIMUTH INSTRUMENT. THEO- 

DOIJTE. OF THE SEXTANT AND REFLECTING CIRGJ.E. — PRIN- 
CIPLE OF REPETITION. OF MICROMETERS. PARALLEL WIRE 

MICROMETER. — PRINCIPLE OF THE DUPLICATION OF IMAGES. 

THE IIELIOMETER. DOUBLE REFRACTING EYE-PIECE. VARIA- 
BLE PRISM MICROMETER. —OF THE POSITION MICROMETER. 

ILLUMINATION OF WIRES. SOLAR TELESCOPE AND EYK-ITI CF 

— HELIOSCOPy. — COLLIMATION OF LARGE REFLECTORS. 

(130 .) Our first chapters have been devoted to the acquisition 
chiefly of preliminary notions respecting the globe we inhabit, 
its relation to the celestial objects which surround it, and tlie 
physical circumstances under which all astronomical observa- 
tions must be made, as well as to provide ourselves with a 
stock of technical words and elementary ideas of most frequent 
and familiar use in the sequel. We might now proceed to a 
more exact and detailed statement of the fiicts and theories 
of astronomy : but, in order to do this with full effect, it will 
be desirable that the reader be made acquainted with the 

• The stvulent who is anxious to become acquainted with the chief subject 
matter of this work, may defer the rt?ading of that part of this cli/ipUr whicli is 
devoted to the description of particular instruments, or content himself with 3 
cursorx^ perusal of i»., fottil farther advanced, when it will he necessary to return 
it. 
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prin\;ipal means whicli® astronomers possess, of determining, 
with tlie degree of nicety their theories require, the data on 
which they ground their conclusions; in other words, of as- 
certaining by measui’ement the apparent and real magnitudes 
with which the}" are conversant It is only when in pos- 
session of this knowledge that he can fully appretiate cither 
the truth of the theories themselves, or the degree of reliance 
to be placed on any of their conclusions antecedent to trial : 
since it is only hy knowing what amount of error can cer- 
tainly be perceived and distinctly rneasure<l, that he can 
satisfy himself wjiether any theory offeLs so close an approx- 
imation, in its numerical results, to actual phenomena, as will 
justify him in receiving it as a true representation of nature; 

(131.) •’Astronomical instrument-making may be justly 
n^garded as the most refined of tlie mechanical art’s, and that 
in which the nearest approach to geometrical precision is re- 
quired, find has l)cen attained. It may be thought an easy 
thing, by one unacquainted with the niceties required, to turn 
a circle in metal, to divide its circumference into 360 equal 
parts, and these again into smaller subdivisions, — to place U 
accurately on its centre, and to adjust it in a given position ; 
but practically it is found to be one of the most difficult. 
Nor will this appear extraordinary, when it is considered thfU^ 
owing to the ap|)]ication of telescopes to the purposes of an- 
gular measurement, every imperfection of structure or divi- 
sion becomes magnified by the whole oj>tieal power of tliat 
instrument ; and that thus, not only direct errors of work- 
manship, arising from unsteadiness of hfind or imperfection of 
tools, but tliose inaccuracies which originate in far more 
uncontrollable causes, such as the uneijual expansion and 
contraction of mebdlic masses by a cliange of temperature, 
and their unavoidable flexure or bending by their own weight, 
become perceptible and measurable. An angle of one minute 
occupies, on the circumference of a circle of 10 inches in 
radius, only about part of an inch, a quantity too small 

to be certainly dealt with without the use of magnifying 
glasses; yet one minute is a gross quantity in the astro- 
nomical measurement of an angle. With the instruments 
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now employ 0(1 in observatories, a sihgle second, or the ^6 0th 
pari of a minute, is re^idered a distinctly visible and appreti- 
able (piantity* Now, the arc of a circle, subtended by one 
second, is less than the 200,000th part of the radius, so that on 
a circle of 6 feet in diameter it would oecuj)y no greater linear 
extent than yy'^^th part of an inch; a quantity requiring a 
powerful microscope to be discerned at all. Let any one 
figure to himself, therefore, the difficulty of placing on the 
circumferen(3e of a metallic circle of such dimensions (sup- 
j)Osing the dilliculty of its construction surmounted), 360 
marks, dots, or c(jgnizal)le divisions, whicli shall all lie true to 
their places within such narrow limits; to say nothing of the 
Siubdi vision of the degrees so marked off into minutes, and of 
these again into seconds. Such a work has j)robab!y baffled, 
and will probably for ever continue to l>affle, the utmost 
stretxdi of human skill and industry ; nor, if executed, could 
it endure. The ever varying fluctuations of heat and cold 
have a tendency to produce not merely temporary and 
transient, but permanent, uncomjiensated changes of form in 
all considerable masses of those metals which alone are applic 
able to such uses ; and their own weiglit, however symmetri- 
(ially formed, must always he uneciually sustained, since it is 
inlpossiblc to ap{)ly the sustaining power to everij part sepa- 
rately: even could this be done, at all events force must be 
used to move and to fix them ; which can never be done witli- 
out producing temporary and risking permanent change of 
form. It is true, by dividing them on their centres, and in 
the identical places they are destined to occiqiy, and by a 
thousand ingenious and delicate contrivances, wonders have 
been accomplished in this department of art, and a degree of 
perfection has been given, not merely to chefs (Tdeuvre, but to 
Instruments of moderate prices and dimensions, and in ordi- 
nary use, which, on due consideration, must appear very 
surprising. But though we are entitled to look for tconders 
at the hands of scientific artists, wc are not to expect miracles* 
The demands of the astronomer will always surpass the power 
of the artist ; and it must, therefore, be constantly the aim 
of the former to make himself, as far as possible, independent 
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of the imperfections incident to every work the latter can 
place in his hands.^ He must,* therefore, endeavour so to 
combine his observations, so to choose his opportunities, arui 
so to familiarize himself with all the causes which may pro- 
duce instrurncnfal derangement, and with all the peculiarities 
of structure and material of each instrument he possesses, as 
not to allow himself to be misled by their errors, but to ex • 
tract Iron) their indications, as far as possible, all that is truey 
and reject all that is erroneous. It is in this that the art of 
the practical astronomer consists, — an ai t of itself of a curious 
and intricate nature, and of which we can he»re only notice 
some of the leading and general features. 

(132.) The great aim of the practical astronomer being 
numerical correctness in the results of instrumental measure- 
ment, his constant care and vigilance must be directed to the 
detection and compensation of errors, eltlier by annihilating, 
or by taking account of, and allowing for them. Now, if we 
examine the sources from which errers may arise in any in^ 
strurnental determination, we shall find them chiefly reducible 
to three principal heads : — 

(133.) 1st, Externa! or incidental causes of error; com- 
prehending thost 3 which depend on external, uncontrollable 
circumstances: such as, fluctuations of weather, which disturb 
the amount of refraction from its tabulated value, and, being 
reducible to no fixed law, induce unci'rtainty to the extent 
of their own possible magnitude ; such as, by varying the 
temperature of the air, vary also the form and position of the 
instruments used, by altering the relative magnitudes and the 
tension of their parts ; and others of the like nature. 

(134.) 2dly, Errors of observation: such as arise, for ex- 
ample, from inexpertness, defective vision, slowness in seizing 
the exact instayit of occurrence of a phenomenon, or preci- 
pitancy in anticipating it, &c. ; from atmospheric indistinct- 
ness ; insufficient optical power in the instrument, and the 
like. Under this head may also be classed all errors arising 
from momentary instrumental derangement, — slips in clamp- 
ing, looseness of screws, &c. 

(135.) 3tlly, The third, and by far the most numerous cla«6 
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of errors to which astroiioniical ineasip/enieuts {ire liable, arise 

froin causes wliicli may deemed instrumental, and which 
may be subdivided into two principal classes. The com- 
prehends those winch arise from an instrument not heivfj what 
it professes to be, whicli is ^rrc;r of workmUnship, Tims, if 
a [)ivot or axis, instead of beings as it ouglit, exactly cylin- 
drical, be slightly flattened, or elliptical, — if it be not exactly 
(as It is Intended it should l>e) concentric with the circle it 
carries; — if this circle (so called) be in reality not exactly 
circular, or not in one |)Iane ; — if its <Hvisions, intended to 
be prccisei}\equidistant, should be phiced in reality at un 
equal intervals, — and a hundred other things of the same, 
sort. These are not mere speculative sourct^s of error, but 
practical annoyances, wiilcli cv(iry observer lias contend 
with. 

(136.) The otkf'T subdivision of inslniniental errors com- 
prehends such as arise from an instruinent not being placed 
in the position it ought to have ; and from those of its juirts, 
wliich are made purposely moveable, not being [)roperly dis- 
posed mter se. 'l.'liese are errors of adjustment. Some are 
untivoidable, as tliey arise from a general uiivstcadiness of the 
soil or building in whitdi the instruments are placed; which, 
though too minute to be noticed in any otlier way, become 
a{)f)retiable in delicate astronomical observations : others, 
again, are consequences of Imperfect workmanship, as where 
an instrument once well adjusted will not remain so, Init 
keeps deviating and shifting. But the most important of this 
class of errors arise from the non-existence of natunil indica- 
ti(ms, other than those afforded by astronomical observations 
themselves, whether an Instrument has or has not the exact 
position, with respect to the horizon and its ciirdinal points, 
the axis of the earth, or to other principal astronomical lines 
and circles, which it ought to have to fulfd ])roperIy its objects. 

(137.) Now, with respect to the first two classes of error, 
it must be observed, that, in so far as they cannot be reduced 
to known laws, and thereby become sulyects of calculation 
and due allowance, they actually vitiate, to their full extent, 
the results of any observations in which they subsist. Being, 
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however, in tlieir nature casual and accidental, their effects 
necessarily lie sometimes one vvay, sometimes tlie other ; 
Bometimes diminishing, sometimes tending to increase the re- 
sidts. Hence, by greatly multiplying observations, under 
varied circumstances, by avoiding unfavourable, and taking 
advantage of favourable circumstances of weatlier, or other- 
wise using opportunity to advantage — and finally, by taking 
the mean or average of the results obtained, this class of 
errors may be so far subdued^ by setting them to destroy one 
another, as no longer sensibly to vitiate any theoretierd or 
jmictical conclusion. This is the great and ^ indeed only 
resource against such errors, not merely to the astronomer, 
but to the investigator of numerical results in every depart’- 
iiient of physical research. 

( 138 .) Witli regard to errors of adjustment and work- 
mansliii), not only the possihility^ but the certainty of their ex- 
istence, in every imaginable form, in all instruments, must be 
contemplated. Human hands or inachi n(‘s never formed a 
circle, drew a straight line, or erected a jierpcndicular, nor 
ever placed an instrument In perfect adjustment, unless acci- 
dentally ; and then only during an instant of time. This 
does not prevent, however, that a great approximation to all 
these desiderata should be attained. But it is the peculiarity 
of astronomical observation to be the ultimate means of de- 
tection of all mechanical defects which elude by their mi- 
nuteness every other mode of detection. What the eye 
cannot discern nor the touch perceive, a course qf astronomical 
observations will make distinctly evident. The imperfect 
products of man’s hands are here tested by being brought into 
comparison under very great magnifying powers (corresponding 
in effect to a great increase in acuteness of perception) with 
the perfect workmansliip of nature ; and there is none which 
will bear the trial. Now, it may seem like arguing in a 
vicious circle, to deduce theoretical conclusions and laws from 
observation, and then to turn round upon the instruments 
with which those observations were made, accuse them of im- 
perfection, and atternjit to detect and rectify their errors by 
means of the very laws and theories wfiich they have hcjlped 
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Mg to a knowledge of. A little consideration, however, will 
suffice to show that such a course of proceeding is perfectly 
legitimate, 

(139.') The steps by which we arrive at the laws of natural 
phenomena, and especially those which depend for their veri- 
fication on numerical determinations, are necessarily suc- 
cessive. Gross results and palpable laws are arrived at by 
rude observation with coarse instruments, or without any in- 
struments at all, and are expressed in language which is not 
to be considered as absolute, but is to be interpreted witli a 
degree of latitjicle commensurate to the imperfection of tlie 
f>bservations themselves. These results are corrected and re- 
fifted by nicer scrutiny, and with more delicate means. The 
first rude exprcBsions of the laws which ejnbody them are 
porcelved to be inexact. The language used in their ex- 
pression is corrected, its terms moi'e rigidly defiiuid, or I'resl) 
r<‘rins introduced, until the new state of lanGcuage and tenni- 
iiology is brought to fit the improved state of knowledge 
of facts. In the progress of this scrutiny subordinate laws 
are brought into view which still further modify both the 
verbal statement and numerical results of those which first 
offered themselves to our notice; and when these are traced 
out and reduced to certainty, otljers, again, subordinate to 
them, make their ap})earance, and become subjects of 1‘urther 
inquiry. Now, it invariably happens (and the reason is 
evident) that the first glimpse we catch of such subordinate 
laWwS — the firs^t foian in which they are dimly shadowed out 
to our minds — is that of errors. We perceive a (liscordaiitMi 
between what Ave expect^ and what we find. The first oc- 
currence of such a discordance we attribute to accident. It 
happens again and again ; and we begin to suspect our in- 
struments. We then inquire, to what amount of error their 
determinations can, hi/ possihiliti/^ be liable. If their limit of 
possible error exceed the observed deviation, we at once con- 
demn the instrument, and set about improving its construo 
tion or adjustments. Still the same deviations occur, and, 
so far from being palliated, are more marked and better de- 
fined than befoix*. We are now sure that we are on the 
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traces of a law of natui'e, and we pursue It till we have 
reduced it to a definite statement, and verified it by repeated 
observation, under every variety of circumstances. 

(140.) Now, in the course of this inquiry, it will not fail 
to happen, that other discordances will strike us. Taught by 
experience, we suspect the existence of some natural law, 
before unknown ; we tabulate {i. c. draw out in order) the 
results of our observations ; and we perceive, in this synoptic 
statement of them, distinct indications of a regular progres- 
sion. Again wc improve or vary our instruments, and we 
now lose sight of this supposed new law of nature altogether, 
or find it replaced by some other, of a totally dlffierent clia- 
racter. Thus we are led to suspect an instrumental cause 
for what we have noticed. We examine, therefore, the theori^ 
of our instrument ; we suppose defects in its structure, and, 
by the aid of geometry, we trace their influence in intro- 
ducing actual errors into its indications. These errors have 
their laws, which, so long as we have no knowledge of causes 
to guide us, may be confounded with laws of nature, as they 
are mixed up with them in their effects. They arc not for- 
tuitous, like errors of observation, but, as they arise from 
sources inherent in the instrument, and nnchangcable whjjc 
it and its adjustments remain unchanged, they are reducible 
to fixed and ascertainable forms ; each particular defect, 
whether of structure or adjustment, producing its f>wn ap- 
propriate fo7'm of error. When these are tlioroughly inves- 
tigated, we recognize among them one which, coincides in its 
nature and progression with that of our observed discord- 
ances. The mystery is at once solved. We have detected, 
by direct observation, an instrumental defect. 

(141.) It is, therefore, a chief recjuislte for the practical 
astronomer to make himself completely tamiliar with the 
theory of his instruments. By this alone is he enabled at once 
to decide what effect on his observations any given imperfec- 
tion of structure or adjustment will produce in any given 
circumstances under which an observation can be made. Thi.'^ 
alone also can place him in a condition to derive available 
and practical means of destroying and eliminating altogether 
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the influence of such iinperlbctions, iSy so arranging hi^ ob- 
eervations, that it shair affect tJioir results in opposite ways, 
and that its influence ^hall thus disappear from their mean, 
which is one of the chief modes by which precision is attained 
in practical astronomy. Suppose, for example, the principle 
of an instrument required that a circle should be concentric 
with the axis on which it is made to turn. As this is a con- 
dition wliich no w'orkinanship can exactlij fulfil, it becomes 
necessary to inquire what errors will be produced in observa- 
tions made and registered on tlie faith of such an instrument, 
by any assigned deviation in this respect ; that is to ssiy, what 
would be the disagreement between observations made with 
it. and with one absolutely perfect, could such be obtained. 
Now, simple geometrical considerations suUice to shoV — 1st. 
that if the* axis be excentric by a given fraction (say one 
thousandth part) of the radius of the circle, all angles read off 
on that part of the circle toioards which the excentricity lies, 
will aptiear by that fractional amount too small, and all on 
ilie oj>pos]te side too large. And, 2dly, tliat whatever be the 
a mount of the excentricity, and on whatever part of the circle 
any proposed angle is measured, the eflect of the error in 
ijuestion on the result of observations depending on the 
graduation of its circumference (or limb, as it is teclmically 
called) will be completely annihilated by the very easy method 
uf always reading off the divisions on two diametrically op- 
posite points of the clx'cle, and talcing a mean ; for tlie eflect 
excentricity is always to increase the arc representing the 
angle in questioh on one side of the circle, by just the same 
quantity by which it diminishes that on the other. Again, 
suppose that the proper use of the instrument required that 
tills axis should be exactly parallel to that of the earth. As 
it never can be placed or remain so, it becomes a question, 
wiiat amount of error will arise, in its use, from any assigned 
deviation, whether in a horizontal or vertical plane, from this 
jirecise position. Such inquiries constitute the theory of in- 
^‘trinnental errors; a theory of the utmost Importance to 
pnictice, and one of which a complete knowledge will enabl<‘ 
an observer, with moderate instrumental means, often to 





84 OUTLINES OF ASTKONOMr. 

nttaiH a degree of precision which ini^ht seem to belong only 
to the most refined and costly. This theory, as will readily 
be apprehended, turns almost entirely on considerations of 
pure geometry, and those for the most part not difficult In 
the present work, however, we have no further concern with 
it. The astronomical instruments we propose briefly to de- 
scribe in this chapter will be considered as perfect both in 
construction and adjustment.* 

fl42.) As the above remarks are very essential to a right 
understanding of the philosophy of our subject and the spirit 
of astronomical methods, we shall elucidate t|^em by taking 
one or two special cases. Observant persons, before the in- 
vention ^of astronomical instruments, had already concluded 
the apparent diurnal motions of the stars to be performed in 
circles about fixed poles in the heavens, as shown in the 
foregoing chapter. In drawing this conclusion, however, 
refraction was entirely overlooked, or, if forced on their notice 
by its great magnitude in the immediate neighbourhood 
of the horizon, was regarded as a local irregulai'ity, and, as 
such, neglected, or slurred over. As soon, however, as tlie 
diurnal paths of the stars attempted to be traced by in- 
struments, even of the coarsest kind, it became evident that 
the notion of exact circles described about one and the 
same pole would not represent the phenomena correctly, 
but that, owing to some catise or other, the apparent diurnal 
orliit of every star is distorted from a circular into an oval 
form, its lower segment being^^i^cr than its upper; and the 
deviation being greater the nearer the star approached the 
horizon, the effect being tlie same as if the circle had bee^ 
squeezed upwards from below, and the lower parts more than 
the higher. For such an effect, as it w^as soon found to arise 
from no casual or instrumental cause, it became necessary to 
seek a natural one ; and refraction readily occurred, to solve 
the difficulty. In fact, it is a case precisely analogous to 

* The principle on which the chief adjustments of two or three of the most* 
useful and amimon instruments, such as the transit, the equatorial, and the 
sextant, are performed, are, however, noticed, for the convenience of readers who 
itiay use sncii instruments without going farther into the arcana of practical 
a vt) on omy. 
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what we have already noticed (art 47.), of the apparent; dii-- 
t;v)rtion of the sun near the 'horizon, only on a larger scale, 
and traced up to greater altitudes. This new law once 
established, it became necessary to modify tlie expression o( 
that anciently received, by inserting in it *a salvo for the 
effect of refraction, or by making a distinction between tlu* 
apjMvent diurnal orbits, as affected by refraction, and tlie ti^uv 
ones cleared of that effect. This distinction between the ap- 
parent and the true — between the uncorrected and corrected — 
between the rough and obvious, and the refined and ultimotc 
is of perpetual occurrence In every part of astronomy. 

(143.) Again. 'J'he first impressif>n ]>roduced by a view 
of the diurnal movement of the heavens is that all tlie 
heavenly bodies perform this I'evolution iu one ^common 
period, viz. a day, or 24 hours. But no sooner do we come 
to examine the matter instrumeuially, i. e, by noting, by time- 
keepers^ their successive arrivals on the meridian, than we find 
differences wlikd) cannot be accounted for l)y any error of ob- 
servation. All the stars, it is true, occupy the same interval 
of time between their successive appulses to the meridian, or 
to any vertical circle; but this is a very different one from 
that occupied by tlie sun. It Is palpably shorter; being, in 
fact, only 23^ 56' instead of 24 hours, such hours as 

our common clocks mark. Here, then, we have already two 
different daps, a sidereal and a solar; and if, instead of the 
sun, we observe tlie moon, we find a third, much longer than 
either, — a lanjxr day, whose average duration is 54“ of 
our ordinary time, which last is solar time, being of necessity 
conformable to the suri^ succ^‘ssive re-appearances, on which 
all the business of life depends. 

(144.) ifow, all the stars are found to be unanimous in 
giving the same exact duration of 23^ 56' 4*09", for the 
sidereal day; which, therefore, we cannot hesitate to receive 
as the period in which the earth makes one revolution on its 
axis. We are, therefore, compelled to look on tlie sun and 
moon as exceptions to the general law ; as having a different 
nature, or at least a different relation to us, from the stars ; 
and as having motions, real or apparenf, of their own, inde- 
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peudent of tlie rotatiuii of the eartli on its axis. Thus a 
great and most important distinction is disclosed to us- 

( 145 .) To establish these facts, almost no aj^paratus is 
required. An observer need only station himself to the 
north of .some well-defined vertical object, as the angle of a 
building, and, placing his eye exactly at a certain fixed point 
(such as a small hole in a plate of metal nailed to some 
immoveable sii])port), notice the successive disappearances of 
any star behind the building, by a watch. * When lie ob- 
serves the sun, lie must shade his eye with a dark-coloured 
or smoked glass, and notice the moments when Its westerji 
and eastern edges successively come up to the Avail, from 
Avhich, by taking half tlie interval, lie will ascertain (what he 
cannot directly observe) the moment of disappearance of its 
centre. 

(146.) When, in pursuing and establishing this general 
fiict, Avc are led to attend more nicely to tlie times of the 
daily arrival of the sun on the meridian, irregularities (such 
they first seem to be) begin to make their appearance. Tlie 
intervals between two successive arrivals are not the same at 
all times of the year. Tliey are sometimes greater, sometimes 
less, than 24 hours, as shown by the clock; that is to say, 
the solar day is not always of the same length. Aliout the 
21st of December, for example, it is half a minute longer^ and 
about the same day of September nearly as much shorter, 
than its average duration. And thus a distinction is again 
pressed upon our notice betwen the actual solar day, Avhich is 
neA'cr two days in succession alike, and the mean solar day 
of 24 hours, Avhich is an aA^erage of all the solar days 
throughout the year. Here, then, a new source of inquiry 
opens to us. The sun’s apparent motion is not only not the 


* This is an excellent practical method of ascertaining the rate of a clock or 
watch, being cxcee<iingly accurate if a few precautions are attended to; the 
chief of which is, to take care that that part of the edge behind which the star 
t a bright one, not a planet) disappears shall be <;uite smooth ; as otherwise vari- 
able refraction inay transfer the point of disappearance from a protuberance to a 
notch, and thus vary the moment of obsei vatiou unduly. This is easily secured, 
by nailing up a smooth- edged board. The verticality of its edge should be 
eosured by tbc use of a plumV^-lhie. 
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same with that of the stars, hut it *ia not (as the latter is) 
iinlforin. It is siibjedt to •fluctuations, whose laws hecoine 
matter of investigation. But to pursue these laws, we rc> 
quire nicer means of observation than Avliat wo have de* 
scribed, and are obliged to call in to our aid an instrument 
called the transit instrument^ especially destined for such 
observations, and to attend minutely to all the causes of 
irregularity in the going of clocks and Avatches which may 
affect our reckoning of time. Thus we become Involved by 
degrees in more and more delicate instrumental inquiries; 
and wc speedily find that, in proportion as we ascertain the 
amount and law of one great or leading fluctuation, or in- 
equality, as it is called, of the sun’s diurnal motion, wx* bring 
into view others continually smaller and smaller, v-Jiich were 
before obscured, or mixed up with errors of observation and 
instrumental imperfections. In short, wx^. may not inaptly 
compare the mean length of the solar day to the moan or 
average height of water in a harbour, or the general leycl 
of the sea unagitated by tide or waves. The great annual 
fluctuation above noticed may be compared to the daily vari- 
ations of level produced by the tides, which are nothing but 
enormous waves extending over llie whole ocean, while the 
smaller subordinate inequalities may be assimilated to waves 
ordinarily so called, on which, when large, wx perceive lesser 
undulations to ride, and on these, again, -minuter rlpplings, 
to the series of whose subordination we can perceive no end. 

(147.) With the causes of these irregularities in the solar 
motion we have no concern at present ; their exi>lanation l)c- 
longs to a more advanced part of our subject : but the dis- 
tinction between the solar and sidereal days, as it pervades 
every part of astronomy, requires to be early introduced, and 
never lost sight of. It is, as already observed, the mean or 
average length of the solar day, which is used in the civil 
reckoning of time. It commences at midnight, but astro- 
nomers, even when they use mean solar time, depart from 
tlic civil reckoning, commencing their day at noon, and 
reckoning the hours from 0 round to 24. Tims, 11 o’clock 
in the forenoon of the second of January, in the civil reckon- 
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iiig of time, corresponds to Junuary 1 day 23 liours in the 
astronomical reckoning ; and 1 o’clock in the afternoon of 
the former, to January 2 days 1 hour of the latter reckoning. 
This usage has its advantages and disadvantages, but the 
latter seem to preponderate ; and it would be well if, in con- 
sequence, it could be broken through, and the civil reckoning 
substituted. Uniformity in nomenclature and modes of 
reckoniny in all matters relating to time^ space, weight, mea-^ 
sure, §* 0 ., is of such vast and paramount importance in every 
relation of life as to outweigh every consideration of technical 
convenience or custom. * 

(148.) Both astronomers and civilians, however, who in- 
habit different points of the earth’s surface, differ from each 
other in fneir reckoning of time; as it is obvious they must, 
if we consider that, when it is noon at one place, it is mid- 
night at a place diarnetrically opposite; vsunrise at another; 
and sunset, again, at a fourth. Hence arises considerable in* 
convenience, especially as respects places differing very widely 
In situation, and which may even in some critical cases in* 
volve the mistake of a whole day. To obviate this incon- 
venience, there has lately been introduced a system of 
reckoning time by mean solar days and parts of a day counted 
from a fixed instant, common to all the world, and determined 
by no local circumstance, such as noon or midnight, but by 
the motion of the sun among the stars. Time, so reckoned, 
is called equinoctial time ; and is numerically the same, at 
the same instant, in every part of the globe. Its origin will 
be explained more fully at a more advanced stage of our 
work. 

(149.) Time is an essential element in astronomical obser- 
vation, in a twofold point of view: — Ist, As the represen- 

♦ The only disacivantage to a^stronomers of using the civil reckoning is this — 
that their observations being chiefly carried on during the night, the day of their 
date will, in this reckoning, always have to be changed at midnight, and the 
former and latter portion of every night’s observations will belong to ttvo differ- 
enily numbered civil days of the month. There is no denying this to be an 
inconvenience* Habit, howeverr would alleviate it ; and some inconveniences 
must be cheerfully sulunitted to by all who resolve to act on general principlos- 
AU other classes of men, whose occupation extends to the night as dayi 

lubmit to it, and find their advar>tage ir* doing so. 
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tative ol angular motiqru The earth’s diurnal motion being 
uniform, every star describes its diun^al circle uniformly ; 
and the time elapsing* between the passage of the stars in 
succession across the meridian of any observer becomes, 
therefore, a dhect measure of their differences ojp riglit as- 
cension. 2dly, As the fundamental element (or natural in* 
dependent variable^ to use the language of geometers) in all 
dynamical theories. The great object of astronomy is the 
determination of the laws of the celestial motions, and their 
reference to their proximate or remote causes. Now, the 
statement of* the law of any observed inotioa in a celestial 
object can be no other than a proposition declaring what has 
Been, is, and will be, the real or apparent situation of that 
object at any time^ past, present, or future. To ^compare 
such laws, therefore, with observation, we must possess a 
register of the observed situations of the object in question, 
and of the times when they were observed. 

(150.) The measurement of time is performed by clocks, 
chronometers, clepsydras, and hour-glasses. The two former 
are alone used in modern astronomy. The hour-glass is a 
coarse and rude contrivance for measuring, or rather counting 
out, fixed portions of time, and is entirel}’^ disused. The 
clepsydra, which measured time by the gradual emptying of 
a large vessel of water through a determinate orifice, is sus- 
ceptible of considerable exactness, and was the only depen- 
dence of astronomers before the invention of clocks and 
watches. At, present it is abandoned, owing to the greater 
convenience and exactness of the latter instruments. In one 
case only has the revival of its use been proposed ; viz. for 
the accurate measurement of very small portions of time, by 
the flowing out of mercury from a small orifice in the bottom 
of a vessel, kept constantly full to a fixed height. The stream 
is intercepted at the moment of noting any event, and 
directed aside into a receiver, into which it continues to run, 
till the moment of noting any other event, when the inter- 
cepting cause is suddenly removed, the etream flows in its 
original course, and ceases to run into the receiver. The 
wdyht of mercury received, compared with the weight re 
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ceived in an interval of time observed by the clock, gives the 
interval between the events observed. This ingenious and 

■4 

simple metliod of resolving, with all j3ossible precision, a pro- 
blem of much importance in many physical inquiries, is due 
to tlie late Ca|>tain Kater. 

(151.) The pendulum clock, however, and the balance 
watch, with those improvements and refinements in its struc- 
ture which constitute it emphatically a chronometer *, are the 
instruments on which the astronomer depends for his know- 
ledge of tlie lapse of time. These instruments are now 
brought to such perfection, that an haliltual irregularity in 
the rate of going, to tlie extent of a single second in twenty - 
four Iiouys in two consecutive days, is not tolerated in one of 
good cliaractcr ; so that any interval of time less tl^ari twenty- 
fimr hours may be (‘ortainly ascertained Nvithin a few tenths 
of a second, by tlufir use. In ]>roportion as intervals are 
longer, the risk of error, as well as the amount of error 
risked, becomes greater, because the accidental errors of many 
(lays may accumulate; and causes producing a slow progres- 
sive change in the rate of going may subsist unperccived. It 
is not safe, thei’cfore, to trust the determination of time to 
clocks, or watches, for many days in succession, without 
checking them, and ascertaining their errors by reference to 
natural events which we know to happen, day after day, at 
equal intervals. But if this be done, the longest intervals 
may be fixed with the same precision as the shortest ; since, 
in fact, it is tlicn only the times intervening between 1 he first 
and tlie last moments of such long intervals, and such of those 
periodically recurring events adopted for our points of reckon- 
ing, as occur witliin twenty-fimr hours respectively of eithci, 
whicii wo measure by artificial means. The whole days are 
counted out for us by nature ; the fractional parts only, at. 
either end, are measured by our clocks* To keep the reckon- 
ing of the integer days correct, so that none shall be lost or 
counted twice, is the object of the calcndiir. Chronology 
nuirks out the order of succession of evenvs, and refers them 

• Xpot/oii luuc ; to inoasm‘.j. 
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to their proper years and days ; while chronometry, groijnd- 
ing its determinations on the precise observation of such 
regularly periodical events as can be conveniently and exactly 
subdivided, enables us to fix the moments in which phenomena 
occur, with the last degree of precision. 

(152.) In the culmination or transit {i, e. the passage across 
the meridian of an observer,) of every star in the heavens, he 
is furnished with such a regularly periodical natural event as 
we allude to. Accordingly, it is to the transits of the 
brightest and most conveniently situated fixed stars that 
astrononiers, resort to ascertain their exact time, or, which 
comes to the same thing, to de^termine the exact amount of 
•error of their clocks. 

(153.) Before we describe the instrument dcstijied for tlie 
purpose of observing such culminations, however, or those in- 
tended for the measurement of angular intervals in the sphere, 
it is requisite to place clearly before the reader the principle 
on which tlie telescope is applied in astronomy to the {)rccisc 
determination of a direction in space, — that, namely of the 
visual ray by wliich we see a star or any other distant object. 

(154.) The telescope most commonly used in astronomy 
for these jmrposes is the refracting telescope, which consists 
of an object-glass (either single, or as is now almost universal, 
double, forming what is called in optics, an achromatic com- 
bination) A; a tube A B, into which the brass cell of the 



object-glass is firmly screwed, and an eye-lens 0, for which is 
often substituted a combination of glasses designed to incrcMsc 
the magnifying power of the telescope, or otherwise give 
more distinctness of vision according to optical principles 
which we have no occasion here to refer to. This also is 
fitted into a cell, which is screwed firmly into the end B of 
tlie tube, so that object-glass, tube, and eye-glass may l)e 
considered as forming one piece, invariable in tlie relative 
I)osilioii of its parts. 
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(155.) The line P Q joining the centres of the object and 
eye-glasses and produced, is called* the arts or line of collima* 
tion of the telescope. And it is evident, that the situation of 
this line holds a fixed relation to the tube and its appendages, 
so long as the object and eye-glasses maintain their fixity in 
this respect. 

(156.) Whatever distant object Ej this line is directed to, 
an inverted picture or image of that object F is formed (ac- 
cording to the principles of optics), in the focus of the object- 
glass, and may there be viewed as if it were a real object^ 
through the eye-lens C, which (if of short focusv) enables us 
to magnify it just as such a, lens would magnify a material 
object in the same place. 

(157.) iNow as this image is formed and viewed in the 
air, being itself immaterial and impalpable — nothing prevents 
our placing in that very place F in the axis of the telescope, a 
real, substantial object of very definite form and delicate 
make, such as a fine metallic point, as of a needle — or bet- 
ter still, a cross formed by two very fine threads (spider-lines), 
thin metallic wires, or lines drawn on glass intersecting each 
other at right angles — and whose intersection is all but a 
mathematical point. If such a point, wire, or cross be care- 
fully placed and firmly fixed in the exact focus F, both of the 
object and eye-glass, it will be seen through the latter at tht 
same time^ and occupying the same precise place as the image 
of the distant star E. The magnifying power of the lens# 
renders perceptible the smallest deviation from perfect coinci- 
dence, which, should it exist, is a proof, that the axis QP is 
not directed rigorously towards E. In that case, a fine mo- 
tion (by means of a screw duly applied), communicated to 
the telescope, will be necesvsary to vary the direction of the 
axis till the coincidence is rendered perfect. So precise is 
this mode of pointing found in practice, that the axis of a 
telescope may be directed towards a star or other definite ce- 
lestial object without an error of more than a few tenths of a 
second of angular measure. 

(158.) This application of the telescope may be considered 
as completely annihilating that part of the error of observa- 
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uoii which might otherwise arise from an erroneous estimation 
of the <31reetion in which an object lies from the observer’s 
eye, or from the centre of the instrument. It is, in fact, the 
grand source of all the precision of modern astronomy, with- 
out which all other refinements in instrumetital workmanship 
would be thrown away; the errors capable of being com- 
mitted in pointing to ai\ object, without such assistance, being 
far greater than what could arise from any but the very 
coarsest graduation. * In fact, the telescope thus applied 
becomes, with respect to angular, what the microscope is witii 
respect to linear dimension. By concentrating attention on 
its smallest parts, and rnagnifying into j)alpiible intervals the 
•minutest ditferenccs, it enables us not only to scrutinize the 
form and vstructiire of the objects to which it is p^tlnted, but 
to refer their apparent places, with all Init geometrical pre- 
cision, to the i)arts of any scale with which we propose to 
compare them. 

(159.) Wo now return to our subject, the determination of 
time by the transits or culminations of celestial objects. The 
instrument with which such culminations are observed is 
called a transit instrument It consists of a telescope firmly 
fastened on a horizontal axis directed to tlie east and west 
points 6f the horizon, or at right angles to the plane of the 


* 'Hie boTuniT of tliis capitHi improvemont has been successfully vindicated 
hy Dei ham (Phil. Tiaus^ xxx. 603.) to our young, talented, and unfortmuite 
countryman Gascoigne, from his correspondence with Crabtree and Horrockes, 
in his ( Derharn’s) possession. I'he passages cited by Derham from these letters 
leave no doubt that, so early as 1640, Gascoigne had applied telescopes tvi his 
quadrants and sextants, with threads in the common focus of the glasses ; and had 
even carried the invention so far as to illuminate tlie field of view by artificial 
ligljt, which he found very helpful when the 7noon appeareth not^ or it is not other 
wise, liyht enough,*’’ These inventions were freely communicated by him to 
Crabtree, and through him to his friend Horrockes, the pride and boast of 
Biitish astronomy; both of whom expressed their unbounded admiration of this 
and many other of his delicate and admirable improvements in the art of obser- 
vation, Gascoigne, however, perished, at the age of twenty- three, at the battio 
of Marston Moor ; and the premature and sudden death of Horrockes, at a yet 
earlier age, will account for the temporary oblivion of the invention. Jt was 
revived, or re-invented, in 1667, by Picard and Anzout (Lalandc, A.stroii. 
2310,}, after which its use became universal, Morin, even earlier than Gas* 
coigne (in 163.5), had proposed to substitute the telescope for plain sights; but 
it is the thread or wire stretched in the focus with which the image of a sti^r 
tan be brought to exact coincidence, which gives the telescope its advantage in 
practice; and the idea of this does not seem to have occurred to Morin. Son 
Lalaiule, M supra. ) 



OUTLINES OF ASTRONOMY. 

meridian of the place of observation. The extremities of the 
axis are formed into cylindrical pivots of exactly equal di- 
ameters, whicli rest in notches formed in metallic supports, 
bedded (in the case of large instruments) on strong pieces of 
stone, and susceptible of nice adjustment by screws, both in 
a vertical and horizontal direction. By the former adjust- 
ment, the axis can be rendered precisely horizontal, by levels 
ling it with a level made to rest on the 
pivots. By the latter adjustment the 
axis is brouglit precisely into tlie east 
and west direction, the ^criterion of 
which is furnished by tlie observations 
themselves made with the Instrument," 
in a manner presently to be explained, 
or by a wxdl-defincd object, called a meridian marlu originally 
determined l>y such observations, and then, for convenience 
of ready refeixnice, permanently establislicd, at a great dis- 
tance, exactly in a meridian line passing through the central 
point of the whole iristruinent. It is evident, from this de- 
scrij)tion, that, if the axis, or line of colllmation of the 
telescope be once well adjusted at right angles to the axis of 
the transit, it will never quit the j>la.ne of the meridian, when 
the instrument is turned round on its axis of* rotation. 

(160.) In the focus of tlie eye-piece, and at right angles to 
tlie length of the telescope, is placed, not a single cross, as in 
our general explanation in art. 157., but a system of one 
horizontal and several equidis.tant vertical 
threads or wires, (five or seven are more 
usually employed,) as i*eprcsentcd in tlie an- 
nexed figure, which always appear in the 
Jield of vieWy when propexdy illuminated, by 
day by tlie light of the sky, by night by that 
of a lamp introduced by a contrivance not necessary here 
to ex'{)lain. The place of this system of wires may be 
altered by adjusting screws, giving it a lateral (horizontal) 
motion ; and it is by this means brought to such a position, 
that the middle one of the vertical wires shall intersect the 
line if cidliniatlon of tlic telescope, where it is tuTcsIcd and 
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pcnnanently fiistenecL* In tins situation it is evident that 
tljc middle tliread will be a visible representation of that 
{/ortlon of the celestial meridian to which the telescope 
is pointed; and when a star is seen to cross this wire in the 
telescope, it is in the act of culnilnating,' or j)a.ssing the 
cehi’stlal meridian. The instant of this event is noted by the 
clock or chronometer, wliich forms an indispensable accom- 
paniment of the transit instrument. For greater precision, 
tlie moments of its crossing all the vertical tlireads is noted, 
and a mean taken, which (since the threads are ecpiidistant) 
would give exaetty the same result, were all tlie oliservations 
perfect, and will, of course, tend to subdivide and destroy their 
thrors in an avernge of the whole in the contrary case. 

(161.) For the mode of executing the adjustments, iiiul 
allowing for the errors unavoidable in the use of this simple 
and elegant instrument, the reader must consult works 
(^specially devoted to this department of practical astronomy. f 
We shall here only mention one important verification of its 
correctness, which consists in reversiwy the ends of the axis, 
or turning it east Jbr west. If this be done, and it continue 
to give the same results, and intersect the same point on tlic 
meridian mark, we may be sure that the line of collimation of 
tlie telescope is truly at right angles to the axis, and describes 
strictly a plane, i. e, marks out in the heavens a f/reat circle. 
In good transit observations, an error of one or two tenths 
of a second of time in the moment of a star’s culmination h 
tlie utmost which need be apprehended, exclusive of the error 
of the clock : in other W'ords, a clock mn.y be compared witli 
the earth’s diurnal motion by a single observation, vyithout 
risk of greater error. By multiplying observations, of course, 
a yet greater degree of precision may be obtained. 

(162.) The plane described by the line of collimation of 

* There is no way of bringing the true optic axis of tlio object glass to co- 
incide exactly with the line of collimation, but, so long as the object glass does 
not shift or shake in its cell, any line holding an invariablt position with respect to 
that axiSf may be taken for the conventional or astronomical axis with equal 
effect. 

t See Dr. Pearson’s IVeatise on Practical Astronomy, Also Bianchi Sopra 
lo StromeiUo tie’ Passagi. Ephem. di Milano, 



90 OUTLINES OE ASTEONOMT. 

\ 

a transit ought to be that of the meridian of the place of ob- 
servation. To ascertain whether it is so or not, celestial 
observation must be resorted to. Nov;, as the meridian is a 
great circle passing through the pole, it necessarily bisects 
the diurnal circles described by all the stars, all wdiich describe 
the two semicircles so arising in equal intervals of 12 sidereal 
hours each. Hence, if we choose a star whose whole diurnal 
circle is above the horizon, or which never sets, and observe 
the moments of its upper and lower transits across the 
middle wire of the telescope, if we find the two semidiurnal 
portions east and west of the plane described by^ the telescope 
to be described in precisely equal times, we may be sure that 
j>lane is the meridian. 

(163.)* The angular intervals measured by means of the 
transit instrument and clock are arcs of the equinoctial, inter- 
<‘e})tcd between circles of declination passing through the 
objects obsei ved ; and their measurement, in this case, is per- 
i'ormed by no artificial graduation of circles, but by the help 
of the earth’s diurnal motion, which carries equal arcs of the 
equinoctial across the meridian, in equal times, at the rate of 
15^ per sidereal hour. In all other cases, when we would 
measure angular intervals, it is necessary to have recourse to 
circles, or portions of circles, constructed of metal or other 
firm and durable material, and mechanically sulidivided into 
equal parts, such as degrees, minutes, &c. The simplest and 
most obvious mode in which the measurement of the angular 
interval between two directions in space can be performed 
is as follows. Let A B C D be a circle, divided into 360 
degrees, (numbered in order from any point 0® in the circum- 
ference, round to the same point again,) and connected with 
its centre by spokes or rays, ar, y, 2 r, fiimly united to its circum- 
ference ox limh. At the centre let a circular hole be pierced, 
in wliich shall move a pivot exactly fitting it, cariying a tube, 
whose axis, a i, is exactly parallel to the plane of the circle, 
or perpendicular to the pivot ; and also two arms, w, «, at 
right angles to it, and forming one piece with the tube and 
the axis; so that the motion of the axis on the centre shall 
carry the tube and arms smoothly round the circle, to be 
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amvet .d and fixed at any point we jflease, by a contrivance 
called a clamp, Suppofee, n^w, we would measure the angu- 
lar interval between two fixed objects/ S, T. The plane of 

the circle must first be ad- 
justed so aa to pass through 
g them both, and immoveably 
fixed and maintained in that 
position. This done, let the 
axis a h of the tube be 
X directed to one of* them, S, 
and clamped. Then will a 
mark on the arm m point 
euther exactly to some one of the divisions on the limb, 
or l)etween two of them adjacent. In the fornfbr c^^^e, 
the division must be noted as the reading of the arm w. In 
the latter, the fractlomd i>art of one whole interval between 
the consecutive divisions by which the mark on m surpasses 
the last inferior division must be estimated or measured by 
some mechanical or optical means. (See art. 165.) The 
division and fractional part thus noted, and reduced into 
degrees, minutes, and seconds, is to be set down as the read- 
ing of the limb corresponding to that position of the tube ab,, 
where It points to the object S. The same must then be 
done for the object T ; the tube pointed to it, and the limb 
read the p()sition of the circle remaining meanwhile 
unaltered. It is manifest, then, that, if the lesser of these 
readings be subtracted from the greater, their difference will 
be the angular interval between S and T, as seen from the 
centre of the circle, at whatever point of the limb the com- 
mencement of the graduations or the point 0*^ be situated. 

(164.) The very same result will be obtained, if, instead 
of’ making the tube moveable upon the circle, we connect it 
invariably with the latter, and make both revolve together 
on an axis concentric with the circle, and forming one piece* 
with it, working in a hollow' formed to receive and fit it in 
some fixed support. Such a combination is represented in 
section in the annexed sketch. T is the tui)e or sight, 
faetened, at p />, on the circle A B, w’hosc axis. I), in 

H 
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the solid metallic centring E, from which originates an arm, 
F> carrying at its extremity an ijidex, or other proper mark. 



to point out and read off the exact division of the circle at B, 
the point close to it. It is evident that, as the telescope and 
circle revolve through any angle, the part of the limb of the 
latter, which by such revolution is carried past the index F, 
will measure the angle described. This is the most usual 
mode of applying divided circles in astronomy. 

(165.) The index F may either be a simple pointer, like a 
clock liand a)\ or a vernier (j%. A) ; or, lastly, a com- 



pound microscope (Jig. c\ represented in section in ^g. d, 
and furnished with a cross in the common focus of its object 
and eye-glass, moveable by a fine^threaded screw, by which 
the intersection of the cross may be brought to exact coinci- 
dence with the image of the nearest of the divisions of the 
circle formed in the focus of the object lens upon the very 
sjune principle with that explained, art. 157. for the point- 
ing of the telescope, only that here the fiducial cross is made 
moveabh? ; and by the turns and parts of a turn of the screw 
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re(|vilred for this purpose the distfince of that division, from 
the original or zero point of’tlie microscope may ])e estimated, 
dliis simple but delicate contrivance gives to the reading off 
of a circle a degree of accuracy only limited by the power of 
the microscope, and the perfection with which a, screw can 
be executed, and places the subdivision of‘ angles on the same 
footing of optical certainty which is introduced into theii 
measurement by the use of the telescope. 

(166.) The exactness of the result thus obtained must 
depend, 1 st, on the precision with which the tube a h can be 
pointed to the objects ; 2dly, on the ace ii racy of graduation 
of* the limb ; 3dly, on the accuracy with which the subdi- 
vision of the intervals betw’cen any two consecutive gradua- 
tions can be performed. The mode of acconipllsning the 
latcer object with any re(|uircd exactness has been explained 
in the last article. ith regard to the graduation of the 
limb, being merely of a mechanical nature, we shall pass it 
without remark, further than this, that, in the present state 
of instrument-making, the amount of error from this source 
of Inaccuracy is reduced within very narrow limits indeed.* 
With regard to the first, it must be obvious that, if the sights 
a h be nothing more than simple crosses, or pin-holes at the 
ends of a hollow tube, or an eye-hole at one end, and a cross at 
the other, no greater nicety in pointing can be expected than 
what simple vision with the naked eye can command. Bui 
if, in place of these simple but coarse contrivances, the tube 
itself be con\’(jrted into a telescope, liaving an object-glass at 
hy an eye-piece at a, and a fiducial cross in their common 
focus, as explained in art. 157.; and if the motion of the 
tube on the limb of the circle be arrested when the object is 
brought just into coincidence with the intersectional point of 
that cross, it is evident that a greater degree of exactness 
may be attained in the pointing of the tube than by the un- 
assisted eye, in proportion to the magnifying power and 
distinctness of the telescope used. 

• In Uie j^rcat Ertel circle at Pulkova, the probable amount of the accidental 
error of division is Ntated by M. Struve not to exceed 0'''264. Dew. do rtHju, 
eentiale de Pulkova, p. 147 
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(1&7.) The siiiiplest mode m whk*|i the measurement of 
an angular interval can be executed, is what we have just 
described; but, in strictness, this mode is applicable only to 
terrestrial angles, such as those occupied on the sensible 
horizon by, the objects which surround our station, — because 
these only remain stationary during the interval while the 
telescope is shifted on the limb from one object to the other. 
But the diurnal motion of the heavens, by destroying this 
essential condition, renders the direct measurement of an- 
gular distance from object to object by this means impossible. 
The same objection, how^ever, does not apply if we seek only 
to determine the iiiterval between the diurnal circlea de- 
scrihed by any two celestial objects. Suppose every star, iii 
its diuraal revolution, were to leave behind it a visible tra<*e 
in the heavens, — a fine line of light, for instance,- — then a 
telescope once pointed to a star, so as to have its image 
brought to coincidence with the intersection of the wires, 
would constantly remain pointed to some portion or other of 
this line, which would therefore continue to appear in its 
field as a luminous line, permanently intersecting the same 
point, till the star came round again. From one such line 
to another the telescope might be shifted, at leisure, without 
error ; and then the angular interval between tlie two diurnal 
circles, in the plane of the teleseopds rotation, might be mea- 
sured. Now, though we cannot see the path of a star In the 
heavens, w^e can wait till the star itself crosses the field of 
view, and seize the moment of its passage to place the intei- 
section of its wdres so that the star shall traverse it; by 
which, when the telescope is well clamped, we e(|ually well 
secure the position of its diurnal circle as if we continued to 
see it ever so long. The reading off of the limb may then be 
performed at leisure; and when another star comes round 
into the plane of the circle, w’e may unclamp the telescope, 
and a similar observation will enable us to assign the place of 
its diurnal circle on the limb : and the observations may be 
repeated alternately, every day, as the stars pass, till we axe 
Hatisfied with their result. 
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(168.) This is the principle of the iiuiral circle, which Is 
nothing more than such a circle as wo have described in art. 
163., firmly supported, in the plane of the meridian, on a 
long and powerful horizontal axis. This axis is let into a 
massive pier, or wall, of stone (whence the nama of the in- 
strument), and so secured by screws as to be capable of ad- 
justment both in a vertical and horizontal direction ; so that, 
like the axis of the transit, it can be maintained in the exact 
direction of the east and west points of the horizon, the plane 
of the circle being consequently truly meridional. 

(169.) The meridian, being at right angles to all tlie di- 
urnal circles described by the stars, its arc intercepted be- 
tween any two of them will measure the least^ distance 
between these circles, and will be equal to the difference of 
the declinations, as also to the difference of the meridian alti^ 
tudes of the objects — at least when corrected for refraction. 
These differences, then, are the angular intervals directly 
measured by the mural circle. liut from these, supposing 
the law and amount of refraction known, it is easy to con- 
clude, not their differences only, but the quantities them- 
selves, as we shall now explain. 

(170.) The declination of a heavenly body is the comple- 
ment of its distance from the pole. The pole, being a point 
in the meridian, might be directly observed on the limb of the 
circle, if any stnr stood exactly therein ; and thence the polar 
distances^ and, of course, the declinations of all the rest, 
might be at once determined. But this not being the case, 
a bright star as near the pole as can be found is selected, and 
observed in its upper and lower culminations ; that is, when 
it passes the meridian above and below the pole. Now, as its 
distance from the pole remains the same, the difference of 
reading off the circle in the two cases is, of course (when 
corrected for refraction), equal to twice the polar distance of 
the star ; the arc intercepted on the limb of the circle being, 
in this case, equal to the angular diameter of the star’s diurnal 
circle. In the annexed diagram, IT P O represents the celestial 
meridian, P the pole, B K, A Q,, C D the diumril circles of 
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k»iarB which arrive on the iDeridlan at B, A, and C in their 
upper and at R,Q, D in their lower culminations, of which D 
and Q happen above the horizon 
HO. P is the pole; and if we l\„ Jj 

suppose h p o to be the mural \ 

circle, having S for its centre, ba / \ // \ \ 

c p d will be the points on its " 4^ \o 

circumference corresponding to B I I ^'N/ / 

A C P D in the heavens. Now \ ^ / 

the arcs h «, b c, b c/, and c d are y 

given immediately by observation ; 

and since C P = P D, we have also cp:=zp rf, and each of them 
^ \ cd^ jjonsequently the place of the polar pointy as it is 
called, upon the limb of the circle becomes known, and the 
arcs phy p p which represent on the circle the polar 
distances required, become also known. 

(171.) The situation of the pole star, , which is a very bril- 
liant one, is eminently favourable for this pur|)ose, being only 
about a degree and half from the pole ; it is, therefore, the 
star usually and almost solely chosen for this important pur- 
pose; the more especially because, both its culminations 
taking place at great and not very diderent altitudes, the re- 
fractions by whlcli they are affected are of small amount, and 
differ but slightly from each other, so that their correction is 
easily and safely applied. The brightness of the pole star, 
too, allows it to be easily observed in the daytime. In con- 
sequence of thcv^^e j)eculiarities, this star is one of constant 
resort with astronomers for the adjustment and verification of 
instruments of almost every description. In the case of the 
transit, for instance, it furnishes an excellent object for the 
application of the method of testing the meridional situation 
of the instrument described in art. 162., in fact, the most 
advantageous of any for that purpose, owing to its being 
the most remote from the zenith, at its up])er culmination, 
of all bright stars observable both above and below the 
pole. 

(172.) The place of the polar pomt on the limb of the mural 
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circle once determined, becomes an origin, or zero point,, fi om 
which the polar distanccws of all objects, referred to other 
points on the same limb, reckon. It luatiers not A\diethcr the 
actual commencement 0*^ of the graduations stand there, or 
not ; since it is only by the diffh'ences of the readings that 
the arcs on the limb are determined ; and hence a great ad- 
vantage is obtained in the power of commencing anew a fresh 
series of observations, in which a different part of the cir- 
cumference of tlie circle shall be employed, and different 
graduations brought into use, by which inequalities of divi- 
eioii may l)e detected and neutriilized. This is accomplished 
practically bj^ dctaclring the telescope from its old bearings 
On tlie circle, and fixing it afresh, by screws or clamps, on a 
different part of the circumference. 

(173.) A point on the limb of the mural circle, not less im- 
portant than the polar pointy is the horizontal pointy which, 
being once knoAvn, becomes in like manner an origin, or zero 
point, from which altitudes are reckoned. The principle of 
its determination is ultimately nearly tlie same with that of 
the polar point. As no star exists in the celestial horizon, 
the observer must seek to determine two points on the limb, 
the one of which shall be precisely as far below the horizon- 
tal point as the otlier is above it. For this purpose, a star 
is observed at its culmination on one night, l)y pointing the 
lelescope directly to it, and the next, by pointing to the image 
of the same star reflected in the still, unruffled surface of a 
fluid at perfect rest. Mercury, as the most reflective fluid 
known, is generally chosen for that use. As the surface of a 
fluid at rest is necessarily horizontal, and as the angle of 
reflection, by tlie laws of optics, is equal to that of incidence, 
this image will be just as much depressed below the horizon 
as the star itself is above it (allowing for the difference of 
refraction at the moments of observation). The arc inter- 
cepted on the limb of the circle between the star and its re- 
flected image thus consecutively observed, when corrected for 
refraction, is the double altitude of the star, and its point of 
bisection the horizontal point. The reflecting surface of a 
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fluid fio used for tne deternanation of the altitudes of objects 
is called an artijicial fiorizoru^ 

(174.) The mural circle is, in fact, at the same time, a 
ti’ansit instrument; and, if furnished with a proper system 
of vertical wiiW in the focus of its telescope, may be used as 
such. As the axis, however, is only supported at one end, 
it has not the strength and permanence necessary for the 
more delicate purposes of a transit ; nor can it be verified, as 
a transit may, by the reversal of the two ends of its axis, 
east for west. Nothing, however, prevents a divided circle 
being permanently fastened on the axis of a transit instru- 
ment, either near to one of its extremities, or close to the 
telescope, so as to revolve with it, the reading off' being per- 
formed Xy one or more microscopes fixed on one of its ptera. 
Such an instrument is called a transit circle, or a meri- 
dian CIRCLE, and serves for the simultaneous determination 
of the right ascensions and polar distances of objects observed 
with it ; the time of transit being noted by tlie clock, and 
the circle being read off' by the lateral microscopes. There is 
nm(‘.h advantage, when extensive catalogues of small stars 
have to be formed, in this simultaneous determination of both 
their celestial co-oi*dinates : to which may be added the fa- 
cility of applying to the meridian circle a telescope of any 
length and optica! power. The construction of the mural 
circle renders this highly inconvenient, and indeed impracti- 
cable beyond very moderate limits. 

(175.) The determination of the horizontaj point on the 
limb of an instrument is of such essential importance in 
astronomy, that the student should be made acquainted with 
every means employed for this purpose. These are, the arti- 
ficial horizon, the plumb-line, the level, and the collimator. 
The artificial horizon has been already explained. The plumb* 


* By a peculiar and delicate manipulation and managenieiJt of the setting, 
bisection, and reading off of the circle, aided by the use of a moveable horizon- 
tal microraetic wire in the focus of the object-glass, it is found practicable to 
observe a slow moving star ( the pole star) on owe and the mme nighty both by 
reflection and direct vision, sufliciently near to either culmination to give the 
hbri/ohtal point, without risking the change of refraction in t wenty- ton r hours, 
*o that this source of error is thus errmpletely eliminated. 
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ime is a fine tnread or wire, to which is suspended a weight, 
whose oscillations are iinpeded and quickly reduced to rest by 
plunging it in water. . The direction ultimately assumed 
such a line, admitting fds perfect Jlexibility^ iS' that of gravity, 
or perpendicular to the surface of still water.’ Its application 
to the purposes of astronomy is, however, so delicate, and 
difficult, and liable to error, unless extraordinary precautions 
are taken in its use, that it is at present almost universally 
abandoned, for the more convenient, and equally exact in- 
i^trument the level 

(176. ) The level Is a glass tube nearly filled with a liquid, 
,:jul[)huric ether, or chloroform, being those now generally 



used, on account of their extreme mobility^ and not being 
liable to freeze,) the bubble in which, when the tube is placed 
horizontally, would rest indifferently in any part if the tube 
could be mathematically straight. But that being impossible 
to execute, and every tube having some slight curvature ; if 
the convex side be placed upwards the bubble will occupy 
the higher part, as in the figure (where the curvature is pur- 
posely exaggerated). Suppose such a tube, as A B, firmly 
fastened on a straight bar, C D, and marked at a b, two 
points distant by the length of the bubble ; then, if the in- 
strument be so placed that the bubble shall occupy this inter- 
val, it is clear that C D can have no other than one definite 
inclination to the horizon; because, were it ever so little 
moved one way or other, the bubble would shift its place, 
and run towards the elevated side. Suppose, now, that we 
would ascertain whether any given line P Q be horizontal ; 
let the base of the level C D be set upon it, and note the 
points aft, between which the bubble is exactly contained ; 
then turn the level end for end, so that C shall rest on Q, 
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and D ou P. If tlicn the bubble continue to occupy the 
same place between , a and it Is evident tluit P Q can be 
no otherwise than horizontah If noty the ' ide towards which 
the bubble runs is highest, and must be lowered. Astrono- 
mical levejs are furnished with a divided scale, by which the 
places of the ends of the bubble can be nicely marked ; and 
it is said that they can be executed with such delicacy, as to 
indicate a single second of angular deviation from exact hori- 
zontality. In siicli levels accident is not trusted to to give 
the requisite curvature. They are ground arid polished in- 
ternally by peculiar mechanical processes of great delicacy. 

(177.) The mode in which a level may be ajiplicd to find 
the horizontal point on the limb of a vertical divided cirefe 
may be thus exi>lained; Let A B be a telescope firmly fixed 
to such a circle, D E F, and moveable in one with it on a 
horizontal axis C, which must 
be like that of a transit, sus- 
ceptible of reversal (see art. 

161.), and with which the 
circle is inseparably connected. 

Direct the telescope on some 
distant well-defined object S, 
and bisect it Viy its horizontal 
wire, and in this position clamp 
it fast. Let L be a level fas- 
tened alright angles to an arm, 

L K F, furnished with a inicr.i- 
scope, or vernier at F, and, if we plea,se, another at E. Let 
this arm be fitted by griiidlag on the axis C, but capable of 
moving smoothly on it without carrying it round, and also of 
being clamped fast on it, so as to prevent it from moving 
until required. While the telescope is kept fixed on the ob- 
ject S, let the level be set so as to bring its bul}ble to the 
marks a A, and clamp it there. Then will the arm L C F 
have some certain determinate inclination (no matter whatj 
to the horizon. In this position let the circle be read off at 
F, and then let the whole apparatus be reversprl by turning 
its horizontal axis end for end, ivifhnut jinrlnmphig the level 
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arm from live axis. This done, by the motion of the vvhcde 
instrument (level and all) on its axis, restore the level to its 
horizontal position with* the bubble at a b. Then we are sure 
that the telescope has now the same inGlination to the horizon 
the other that it had when pointed to S, and the reading 
off* at F will not have been changed. Now unclarnp the level, 
and, keeping it nearly horizontal, turn round the circle on 
the axis, so as to carry back tlie telescope through the zenith 
to S, and in that position clamp the circle and telescope fast. 
Then it is evident that an angle equal to twice the zenith 
distance of S lias been moved over by the axis of the tele- 
scope from its last position. Lastly, without un clam ping the 
telescope and circle, let the level be once more rectified. Th^ 
will the arm L E F once more assume the same dehnife po- 
sitioii with respect to the horizon ; and, consequently, if the 
circle be again read off, the difference between this and the 
previous reading must measure the arc of its circuniference 
which has passed under the point F, which may be considered 
as having all the w'hile retained an invariable position. This 
difference, then, will be the double zenith distance of S, and 
its half will be the zenith distance simply, the complement of 
w’^hich is its altitude. Thus the altitude corresponding to a 
given reading of the limb becomes known, or, in other words, 
the horizontal point on the limb is ascertained. Circuitous 
as this process may appear, there is no other mode of em- 
ploying the level for this purpose which does not in the end 
come to the same thing. Most commonly, however, the level 
is used as a mere fiducial reference, to preserve a horizontal 
point once well determined by other means, which is done by 
adjusting it so as to stand level when the telescope is truly 
horizontal, and thus leaving it, depending on the permanence 
of its adjustment. 

(178.) The last, but probably not the least exact, as it 
certainly is, in innumerable cases, the most convenient means 
of ascertaining the horizontal pointy is that afforded by the 
Heating collimator, an invention of Captain Kater, but of 
which the optical principle w^as first employed by Kitten- 
house, in 1785, for the pnrjiose of fixing a. definite direction 
in space by the emergence of parallel rays from a material 
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placed in the focus of a fixed lens. This elegant in 
strument is nothing more than a sinall telescope furnished 
with a cross-wire in its focus, and fastened horizontally, or 
as nearly so as may be, on a flat iron Jioat^ which is made to 
swim on rnerctiry, and which, of course, will, when left to 
itself, assume always one and the same invariable inclination 
to the horizon. If the cross-wires of the collimator be illu- 



minated by a lamp, being In the focus of its object-glass, the 
rays from them will issue parallel, and will therefore be in a 
fit state to be brought to a focus by the object-glass of any 
other telescope, in which they will form an image as if they 
came from a. celestial object in theh' direction^ i. e. at an alti- 
tude equal to their inclination. Thus the intersection of the 
cross of the collimator may be observed as if it were a star, 
and that, however near the two telescopes are to each othej . 
By transferring then, the collimator still fioaiiny on a vessel 
of mercury from the one side to the other of a circle, we arc 
furnished with two (juasi-celesHal objects, at |)reclsely equal 
altitudes, on opposite sides of the centre ; and if these Ixj 
observed in succession with the telesc()|)e ol‘ the circle, bring- 
ing its cross to bisect the imago of the cross of the (*oIIImator 
(for which end the wires of the latter cross are purjjosely set 
45® inclined to the horizon), the difference of tlic readings on 
its limb will be twice the zenith distance of either ; wlicnce, 
as in the last article, the horizontal or zenith point is imme- 
diately determined. Another, and, in many respects, prefer- 
able form of the floating collimator, in which the telescope is 
vertical, and whef’eby the zenith point is directly ascertained, 
is described in the Phil. Trans. 1828, p. 257., by the same 
author. 

(179.) By far the neatest and most delicate application of 
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\\\Q principle of collimation of llittenhouse, however, Ls,sng. 
gestcd by Bohnenberger, which affords a|. once, and by a single 
observation, an exact •knowledge of the nadir point of an 
asironoinical circle. In this combination, the telescope of the 
circle is its own collimator. The 
object observed is the central inter- 
sectional cross of the wires in its 

own focus reflected in mercury. 

A strong illumination being thrown 

upon the system of wires (art. 160.) / ^ \ 

by a lateral lamp, the telescope of / \ 

the instrument is directed vertically j / 1 ] 

downwards towards tlie surface of ' \ 

tile mercury, as in the figure an- V j 

nexetl. The rays diverging from \ ^ ? / 

the wires issue in parallel pencils 
from the object-glass, are incident ^ 

on the mercury, and are thence re- 
flected back (without losing their 
parallel character) to the object- 

glass, which is therefore enabled to collect them again in its 
focus. Thus is formed a reflected image of the system of 
cross-wires, w^hich, when brought by the slow motion of 
the telescope to exact coincidence (intersection upon intersec- 
tion) with the real system as seen in the eye-piece of the 
instrument, indicates the precise and rigorous verticality of 
the optical axis of the telescope when directed to the nadir 
point. 

(180.) The transit and mural circle are essentially meridian 
instruments, being used only to observe the stars at the mo- 
ment of their meridian passage. Independent of this being 
the most favourable moment for seeing them, it is that in 
which their diurnal motion is parallel to the horizon. It is 
therefore easier at this time than it could bo at any other, to 
place the telescope exactly in their true direction ; since their 
apparent course in the field of view being parallel to the 
horizontal threa^l of the system of wires tJicrein, they may, 
by giving a fine motion to the telescope, be brought to exact 
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coincidence with it, and time may be iill(>wed to examine and 
correct this coincidence^ if not at first accurately hit, which 
is the case in no otlier situation. Generally speaking, all 
angular magnit\ides which it is of importance to ascertain 
exactly, should, if possible, be observed at their maxima or 
minima of increase or diminution ; because at these points 
they remain not perceptibly changed during a time long 
enough to complete, and even, in many cases, to repeat and 
verify, our observatious in a careful and leisurely manner. 
The angle which, in tlie case before us. Is in this predicament, 
18 the altitude of tlie star, which attains its maximum or 
minimum on the meridian, and which is measured on the limb 
of ijiural circle. 

( 181 .) The purposes of astronomy, however, requii-e that 
an observer sliouhi possess the means of observing any object 
not directly on the imiridian, but at any point of its diurnal 
course, or wherever it may present itself in the heaven.^. 
Now, a point in the sphere is determined by referen(*,e to two 
great circles at right angles to each otlier ; or of two circles, 
one of which passes through the pole of the other. Tliesc, 
in the language of geometry, are co-^ordmates by which its 
situation is ascertained : for instance, — on the earth, a phice 
is known if we know its longitude and latitude; — in tlie 
starry heavens, if we know its right ascension and declina- 
tion ; — in the visible hemisphere, if we know its azimuth 
and altitude, &c. 

( 182 .) To observe an object at any poin,t of its diurnal 
course, we must possess the means of directing a telescope to 
it ; which, therefore, must be capable of motion in two planes 
at right angles to each other; and the amount of its angular 
motion in each must be measured on two circles co-ordinate 
to each other, whose planes must be parallel to those in which 
the telescope moves. The practical accomplishment of this 
condition is eflPected by making the axis of one of the circles 
penetrate that of the other at right angles. The pierced axis 
turns on fixed sujiports, while the other has no connection 
with any external support, but is sustained entirely by that 
which it j>enetrate 8 , which is strengthened and enlarged at 
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die point of’ penetration to receive it. The annexe<l figure 
exhibits the simplest form* of such a combination, tliough 
very far indeed from tjio best in point of mechanism. The 
two circles are read off by vernlert^, or microscopes ; the one 
attached to the fixed support vvhicli carries the principal axis, 
the other to an arm projecting from that axis. Both circles 
also are su3cei)tiblc of being clamped, the clamps being at- 
tached to the same ultimate bearing with which the apparatus 
for reading off is connected. 

(183.) It is manifest that such a combination, however its 
principal axis be jiolnted (proAuded tliat its direction be Inva- 
riable), will enable us to uscertain the situation of any object 
with respect to the observer’s 


station, by angles reckoned upon 
two erreat ’circles in the visible 
hemisphere, one of wliicli has for 
its poles the prolongations of 
the principal axis or the vanish- 
ing points of a system of lines 
parallel to it, and the other 
passes always through these 
poles : for the former great cir- 
cle is the vanishing line of all 
planes parallel to the cinde 
A B, while the latter, in any 
position of the instrument, is 
the vanishing line of all the 



planes parallel to the circle G H ; and these two planes being, 
by the construction of the instrument, at right angles, the 
great circles, which arc their vanishing lines, must be so oo. 
Now, if two great circles of a sphere be at right angles to 
each other, the one will always pass through the other’s polea. 

fl84.) There are, however, but two positions in which 
such an apparatus can be mounted so as to be of any prac- 
tical utility in astronomy. The first is, when the principal 
axis C 1) is parallel to the earth’s axis, and therefore points 
to the poles of the heavens which are the vanishing points of 
all lines in this system of parallels; and whfai, of course, the 
plane of the circle A fl is parallel to the earth’s erjnatfir, and 
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there5t)re has the equinoctial for its vanishing circle, and 
measures, by its arcs read off, hour angles, or diflerences ot 
right ascension. In this case, the great circles in the heavens, 
corresponding to the various positions, which the circle G H 
can be made to* assume, by the rotation of the instrument 
round its axis C D, are all hour-cii’cles : and the arcs read off 
on this circle will be declinations, or polar distances, or their 
differences, 

(185.) In this position the apparatus assumes the name of 
an equatorial^ or, as it was formerly called, a parallactic in- 
strument. It is a most convenient instrument for all such 
observations as recjuirc an object to be kept long in view, 
because, being once set upon the object, it can be followed as 
long as'^we please by a single motion^ i. e. by merely turning 
tiie wdiole ajjparatus round on its polar axis. For since, 
wdien the telescope is set on a star, the angle between its 
direction and that of the polar axis is equal to the pcn;ir 
distance of the star, it follows, that when turned about 
its axis, without altering the position of the telescope on the 
circle G H, the point to which it is directed will always lie 
in the small circle of the heavens coincident with the star’s 
diurnal path. In many observations this is an inestimable 
advantage, and one which belongs to no other instrument. 
The equatorial is also used for determining the place of an 
unknown by comparison with that of a known object, in a 
manner to be described in the fifth chapter. The adjust- 
ments of the equatorial are somewhat complicated and diffi- 
cult. They are best performed in this manner: — 1st, Follow 
the pole sUir round its whole diurnal ctnirse, by which it w ill 
become evident whether the polar axis is directed above or 
below, to the right or to the left, of the true pole, — and correct 
it accordingly (without any attem|>t, during this process, to 
correct the errors, if any, in the position of the declination 
axis), 2dly, after the polar axis is thus brought into adjust- 
ment, place the plane of the declination circle in or near the 
meridian ; and, having there secured it, observe the transits 
of several known stars of wndely different declinations. If 
the intervals between these transits correspond to the known 
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differences of right ascensions of the stars, we may be sure 
that the telescope describes li true meridian, and that, there- 
fore, the decimation axis is truly perpendicular to the polar 
(jne ; — if not, the deviation of the intervals from this law 
will indicate the direction and amount of the deviation of the 
axis in question, and enable ns to correct it. * 

(186.) A very great improvement has, within a few years 
from the present time, been introduced into tlie construction 
of the equatorial instrument. It consists in applying a clock- 
work movement to turn the whole instrument round upon its 
polar axis, and so to follow the diurnal motion of any celestial 
<)l>ject, without the necessity of the observer’s manual inter- 
vention. The driving power is the descent of a weight whiclj^ 
coramunlcates motion to a train of wheelwork, anu tiius, 
ultimately, to the polar axis, while, at tlie same time, its too 
swift descent is controlled and regulated to the exact and 
uniform rate required to give that axis one turn in 24 hours, 
by connecting it with a regulating clock, or (which is found 
[^referable in practice) by exhausting all the superfluous 
tmergy of the driving power, by causing it to overcome 
a regulated friction. Artists have tluis succeeded in obtain'- 
ing a perfectly smooth, uniform, and regulable motion, which, 
vvlien so applied, serves to retain any object on which tlie 
telescope may be set, commodiously, in the centre of the field 
of view for whole hours in succession, leaving the atteutiou 
of tlie observer undistracted by having a mechanical move- 
ment to direct; and with both his hands at liberty. 

(187.) The other position in which such a coinpouni 
apparatus as we have described in art. 182. may be ad- 
vantageously mounted, is that in which the principal axis 
occupies a vertical position, and the one circle, A B, coiir 
seqiiently corresponds to the celestial horizon, and the otlier, 

< i II, to a vertical circle of ’ the heavens. The angles mea- 
sured on tlie former are therefore azimuths^ or differences 

• See Eittrow on the Adjustment of the Equatorial (Mem. Ast. Soc. vot il, 
l». 4:).), whert* formulae arc given for ascertaining the amount and direction ol 
all the inis^idjustmcitts siinnltaneously. Uut the practical observer, wlm wislvea 
to avoid iHHvildenng himself by doing two things at once, had belter proceed a& 
recomniemled in the text. 


I 
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of azimuth, and those of the latter zenith distances, or alti- 
tudes, according as the graduation cornmenccs from the upper 
point of its limb, or from one 90® ^iistant from it. It ia 
therefore known by the name of an azimuth and altitude in* 
strumenL The vertical position of its principal axis is se- 
cured either by a plumb-line suspended from the upper end, 
which, however it be turned round, should continue always 
to intersect one and the same fiducial mark near its lower 
extremity, or by a level fixed directlj^ across it, whose bubble 
ought not to shift its place, on moving the instrument in 
azimuth. The north or south point on the horizontal circle 
iwS sisccrtained by bringing the vertical circle to coincide with 
^tl)e plane of the meridian, by the same criterion by which 
the aiihmithal adjustment of the transit is performed (art. 
162,), and noting, in this position, the reading off of the 
lower circle ; or by the following process. 

(188.) Let a bright star be observed at a considerable 
distance to the east of the meridian, by bringing it on the 
cross wires of the telescope. In this position let the horizon- 
tal circle be read and the telescope securely clamped on 
the vertical one. When the star has passed the meridian, 
and is in the descending point of its daily course, let it be 
followed by moving the whole instruinent round to the west, 
without, however, rmclamping the telescope, until it comes 
into the field of view ; and until, by continuing the horizon- 
tal motion, the star and the cross of the wires come once 
more to coincide. In this position it is evident the star must 
have the same precise altitude above the western horizon, that 
it had at the moment of the first observation above the 
eastern. At this point let the motion be arrested, and the 
liorizontal circle be again read off. The difference of the 
readings will be the aziinulhal arc described in the interval. 
Now, it is evident tlmt wlien the altitudes of any star are 
equal on either side of the meridian, its azimuths^ whether 
reckoned both from the north or both from the south point of 
the horizon, must also be equal, — consequently the north or 
south point of the horizon must bisect the azimuthal arc thus 
determined, and will therefore become known. 
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(189.) This method of determining the north and south 
points of a horizontal circlef is called the method of equal 
altitudes,” and is of great and constant use in practical astro^ 
nomy. If we note, at the moments of the two observations, the 
time, by a clock or chronometer, the instant halfway between 
them will be the moment of the star’s meridian passage, which 
may thus be determined without a transit ; and, vice versd^ 
the error of a clock or chronometer may by this process be 
discovered. For this last purpose, it Is not necessary that our 
instrument should be provided with a horizontal circle at all. 
Any means by which altitudes can be measured will enable 
us to determine the moments when the same star arrives at 
equal altitudes in the eastern and western lialves of its diurn<d 
course ; and, these once known, the instant of niviiaian 
passage aiid tlie error of the clock bt^coine also known. 

(190."> Thus alvso a meridian line may bedrawn and a meridian 
mark erected. For the readings of the north and south points 
on the limb of the horizontal circle being known, the vertical 
circle may be brought exactly into the plane of tlie meridian, 
by setting it to that pi^ecise reading. This done, let the 
telescope be depressed to the north horizon, and let the point 
intersected tliere by its cross-wircs be noted, and a mark 
erected there, and let the same be done for the south horizon. 
The line joining these points is a meridian line, passing 
through the centre of the horizontal circle. The marks may 
be made secure and permanent if required. 

(191.) One of the chief purposes to which the altitude and 
azimuth circle is applicable is the investigation of the amount 
and laws of refraction. For, by following with it a circum- 
polar star which passes the zenith, and another which grazes 
the horizon, through their whole diurnal course, the exact 
apparent form of their diurnal orbits, or the ovals into which 
their circles are distorted by refraction, e^in be traced; and 
their deviation from circles, being at every moment given by 
the nature of the observation iw the direction in which the 
refraction itself takes place (1. e. in altit ude), is made a matter 
of direct observation. 

(192.) Tlie zenith sector and the theodolite are peculiar 
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modifications of the altitude and azimuth instrument. The 
former is adapted for the very exact observation of stars in 
or near the zenith, by giving a greatr length to the vertical 
axis, and suppressing All the circumference of the vertical 
circle, except a few degrees of its lower part, by which a 
great length of radius, and a consequent proportional enlarge- 
ment of the divisions of its arc, is obtained. The latter is 
especially devoted to the meiisures of horizontal angles be- 
tween terrestrial objects, in which the telescope never requires 
to be elevated more than a few degrees, and in which, there- 
fore, the vertical circle is either dispensed with, or executed 
on a smaller scale, and with less delicacy ; while, on the other 
great care Is bestowed on securing the exact perpendr 
culaVity^of the plane of the telescope’s motion, by resting its 
horizontal axis on two supports like tlie piers of a transit- 
Instrument, which themselves are firmly bedded on the spokes 
of the horizontal circle, and turn with it. 

(193.) The next instrument we.slnOl describe is one by 
whose aid the angular distance of any two objects may be 
measured, or the altitude of a single one detennined. either 
by measuring its distance from the visible horizon (such as 
the sea-offing, allowing for its dip), or from its own reflectloi 
on the surface of mercury. It is the sextant, or (juadrant, 
commonly called IladleifB^ from its reputed inventor, though 
the priority of invention belongs undoii1)tedly to New ton, 
whose claims to the gratitude of the navigator are thus 
doubled, by his liaving furnished at once the only theory by 
which his vessel can be securely guided, and the only instru- 
ment which has ever been found to avail, in applying that 
theory to its nautical uses.* 

(194.) The principle of this instrument is the optical pro- 
perty of reflected rays, thus announced: — The angle be- 

* Newton commimlcated it to Dr, Halley, who suppressed it. The descrip- 
tion of the instrument was found, after the death of Halley, among his papers^ 
in Newton*s own handwriting, by his executor, who eouununici^t^ the papers 
to the Royal Society, twenty-five years after Newton’s death, and eleven after 
the publication of Hadley’s invention, which might be, and' probably was, 
independent of any knowledge of Newton’s, though Hutton insinuates the 
contrary. 
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tween the first and last directions of a ray which has suffered 
two reflections in one plane is equal to twice the inclination 
of the reflecting surfaces to each other.” Let A B be the 
limb, or graduated arc, of a por- 
tion of a circle 60'^ in extent, 
but divided into 120 equal parts. 

On the radius C B let a sil- 
vered plane glass I) be fixed, at 
right angles to the plane of the 
circle, and on the moveable ra- 
dius C E let anotlua' such sil- 
vered glass, C, be fixed. The 
glass 1) is pcrnianently fixed 
jiarallel to. A C, and only one half of it is silvered, the other 
lijilf allowing objects to be seen through it. The glass C is 
wholly silvered, and its plane is parallel to the length of the 
moveable radius C E, at the extremity E of wdiich a vernier 
is pLaced to read off* the divisions of the Uml). On the radius 
A C is set a telescope F, tlirough wdiich any object, Q, inav 
lie seen, by direct rays winch pass through the unsilvered por- 
tion of the glass D, while another object, P, is seen through 
the same telcKSCope by rays, which, after reflection at C, have 
been thrown upon the silvered part of D, and are thence 
directed by a second reflection into the telescope. The two 
images so formed will both be seeii,^iu the field of view at 
once, and by moving the radius C E will (if the reflectoi*s be 
truly perpendicular to the plane of the circle) meet and pass 
over, without obliterating each other. The motion, however, 
is arrested when they meet, and at this point the angle in- 
c]ude<l betwa^en the direction CP of one object, and FQ of 
the other, is twice the angle EGA included between the 
fixed and moveable radii C A, C E. Now, the graduations 
of the limb being purposely made only half as distant as would 
correspond to degrees, the arc A E, when read off*, as if the 
graduations were whole degrees, will, in fact, read double its 
real amount, and therefore the numbers so read off will ex- 
press not the angle E C A, but its double, the angle sub- 
tended by the objects. 
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(195.) To determine tlie exact dicftaiices between the stars 
by direct observation is comparatively of little service ; but 
in nautical astronomy the measurement of their distances 
from the moon, and of their altitudes, is of essential import- 
ance; and <as the sextant requires no fixed support, but 
can be held in the hand, and used on ship- board, the utility 
of the instrument becomes at once obvious. For altitudes 
at sea, as no level, plumb-line, or artificial horizon can be 
used, the sea-offing affords the only resource ; and the image 
of the star observed, seen by reflection, is brought to coin- 
cide with the boundary of the sea seen by direct rays. Thus 
the altitude above the sea-line is found ; and this corrected 
of the horizon (art. 23.) gives the true altitude of 
the star. On land, an artificial horizon may be used (art. 173.), 
and the consideration of dip is rendered unnecessary. 

(196.) The adjustments of the sextant are simple. They 
consist in fixing the two reflectors, the one on the revolving 
radius C E, the other on the fixed one C B, so as to have their 
planes perpendicular to the plane of the circle, and parallel to 
each other, when the reading of the instrument is zero. This 
adjustment in the latter respect is of little moment, as its 
effect is to pi'oduce a constant error, whose amount is readily 
ascertained by bringing the two images of one and the same 
star or other distant object to coincidence ; when the instru- 
ment ought to read zero, and if it does not, the angle which 
it does read is the zero correction and must be subtracted 
from all angles measured with the sextant. Ifhe former ad- 
justments are esvsential to be maintained, and are performed 
by small screws, by whose aid either or both the glasses may 
be tilted a little one way or another until the direct and re- 
flected images of a vertical line (a plumb-line) can be brought 
to coincidence over their whole extent^ so as to form a single 
unbroken straight line, whatever be the position of the move- 
able arm, in tlie middle of the field of view of the telescope, 
whose axis is carefully adjusted by the optician to parallelism 
wdth the plane of the limb. In practice it is usual to leave 
only the reflector D on the fixed radius adjustable, that on 
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the moveable being set to great nicety by the maker. In 
this case the best way’ of making the adjustment is to* view 
a pair of lines crossing each other at right angles (one 
l)cing horizontal the other vertical) through the telescope of 
the instrument, holding the plane of its limb’ vertical, — then 
having brought the horizontal line and its reflect(5d image to 
coincidence by the motion of the radius, the two images ot 
the vertical arm must be brought to coincidence by tilting 
one way or other the fixed reflector D by means of an 
adjusting screw, with which every sextant is provided for that 
purpose. When both lines coincide in the centre of the Jicld 
the adjustment is correct. 

• (197.) The reflecting circle is an instrument destined for 
the same uses as the sextant, but more complete, tI,v.\/iTcle 
being entire, and tl)e di visions carried all round. It is usually 
IVirnished with tliree verniers, so as to admit of three distinct 
readings off, by the average of which the error of graduation 
and of reading is reduced. This is altogether a very refined 
and elegant instrument. 

(198.) We must not conclude this part of our subject 
without mention of the principle 
of repetition ; ” an invention of 
Eorda, by which tlie error of gra- 
duation may be diminished to any 
degree, and, practically speaking, 
annihilated. Let P Q be two ob- 
jects which we may suppose fixed, 
for purposes of mere explanation, 
and let K L be a telescope moveable 
on O, the common axis of two 
clrcl(‘s, A M L and abc^ of which 
the former, A M L, is absolutely fixed in the plane of the 
objects, and carries the graduations, and the latter is freely 
moveable on the axis. The telescope is attached per- 
manently to the latter circle, and moves with it. An arm 
( ) a A carries the index, or vernier, which reads off* the gra- 
duated limb of the fixed circle. This ann is provided with 
two clamps, by which it can be teinpoiavily connected 
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with either eirchs t\nd delnehed at jdea.^iire. Siij)pose, now, 
the telefc>coj)t' directed to l\ Clamp tlie index arm 0 A to 
tlie uiner circle, and uhclanip it from the outer, and read off. 
Then carry tlie telescope round to the other object Q. In so 
doing, the inncr circlc, and the index-arna which is clamped 
to it, will 'iilso be carried round, over an arc A B, on the 
graduated limb of the outer, equal to the angle P O Q. Now 
clamp the index to the outer circle, and unclamp the inner^ 
and read off: the differcuce of readings will of course measure 
the angle P 0 Q; but the result will be liable to two sources 
of error — that of graduation and that of observation, both 
which it is our object to get rid of. To this end transfer the 
telescope liack to P, without uiiclamping the arm from the. 

; the7i^ having made the l)ise(!tion ol‘ P, clamp the 
arm to h. and unclamp it tVom I>, and again transfer tlu'. 
telescope to Q, by which the arm will now be carried with 
it to (], over a second arc, B C, ecjiial to tlio angle PO Q. 
Now again read off; then will the difference between tins 
reading ajid the original oiie measure twice the angle P 0 Q, 
attected with hot/i errors of observation, but only with the 
same error of graduation as before. Let this process be re- 
peated as often as we please (suppose ten times); then will 
the final arc ABC D read off on the circle be ten times the 
required angle, aftccted by tlie joint errors of all the ten ob- 
servations, but only by the same constant error of graduation, 
which depends on tlie initial and final readings off alone. 
Now the erroi's of observation, when numerous, tend to 
balance and destroy one another; so that, if sufficiently mul- 
tiplied, their influence will disappear from the result. There 
remains, then, only the constant error of graduation, which 
comes to be divided in the final result by the number of ob- 
servations, and is therefore diminished in its influence to one 
tenth of its povssiblc amount, or to less if need be. The 
abstract b(?anty and advantage of this principle seem to be 
c'ounterbalanced in practice by some unknown cause, whicli, 
probably, must be souglit for in imperfect clamping. 

Micrometers arc inetruments (as the name im- 
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j)()rts‘^) for inonsurlng, with groat j)reclsi(in, sinall anglot^, not 
exceeding a few ininufes, or at inoyt a whole degree. I'hey 
are very various in cpnstrnctioii and principle, nearly all, 
however, de[)cnding on the exceeding delicacy with wliich 
space can be subdivided by the turns and [mrts of a turn of 
line screws. Thus — in the j>arallel wire micrometer^ two 
parallel threads (spider’s lines are generally use<l) stretched 
on sliding frames, one or both moveable by screws in a di- 
rection perpendicular to 


that of the threads, are 
placed in the common 
focus of the object and 
<‘ye-glas8es of a tele- 
scope, and brought by 
the motion of the screws 



exactly to cover the twr) extremities of the image of any small 
object seen in the telescope, as the diameter of a planet, &c., the 
angular distance between wdiich it is required to measure. This 
done, the threads are closed up by turning one of the screws till 
they exactly^ cover each other, and the number of turns and 
parts of a turn required gives the interval of the threads, 
which must be converted Into angular measure, either by ac- 
tual calculation from tlie linear measure of the threads of the 


screw and the focal length of the object-glass, or experiment- 
by measuring the image of a known object placed at a 
known distance (as a foot-rule at a hundred yards, &c.) and 
therefore subtending a known angle. 

(200,) The duplication of the image of an object by optical 
means furnishes a valuable and fertile resource in micrometry. 
Suppose by any optical contrivance the single image A of 
any object can be converted into two, exactly equal and 
similar, A B, at a distance from one another, dependent (by 



MiKpof, »mA]! ; fAwrpttv, to meamire. 




122 


ourLiXES or astronomt. 


some mechanical movement) on the will of the observer, and 
in any required direction from due afiother. As these can, 
tlierefore, be made to approach to or .recede from each other 
at pleasure, they may be brought in the first place to ap~ 
proach till they foiich one another on one side, as at A C, and 
then being made by continuing the motion to cross and touch 
on the opposite side, as A I), it is evident that the quantity 
of movement required to produce the change from one con- 
tact to the other, if uniform, will measure the double diameter 
of the object A. 

(201.) Innumerable optical combinations may be devised to 
operate such duplication. The chiel and most important 
jTrom its recent applications), is the heliometer^ in which the 
imageT'S divided by bisecting the object-glass of the telescope, 
and making its two halves, set in separate brass frames, slide 
laterally on each otlier, as A B, the motion being produced 
and measured by a screw, 
h'acii half, by the laws of 
optics, forms its own image 
(somewhat blurred, it is true, 
by diliiaction *), in its own 
axis ; and thus two equal and 
eimllar images are formed side 
by side in the focus of the 
eye-piece, which may he made 
to approach and recede by the 
motion of the screw, and tlius afford the means of measure- 

o 

xnent as above described. 

(202.) Double refraction through crystallized media affords 
another means of accomplishing tlie same end* Without 
going into the intricacies of this difficult branch of optics, it 
will suffice to state that objects viewed through certain crys- 
tals (as Iceland spar, or quartz) appear double, two images 
equally distinct being formed, whose angular distance from 
each other varies from notliing (or perfect coincidence), up to 
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• This hr cured, thowgh at an expense of light, by litvtiting each half 

to a circular space by diaphragms, as represented by the dotted lines. 
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a certain limit, accordii\(j to the direction with respect to a 
certain fixed line in the crystal^ called its optical axis. SujH 
p()se> tlien, to take the' simplest case, that the eye-lens of a 
telescope, instead of glass, were formed of such a crystal (say 
of quartz, which may be worked as well or better than glass), 
and of a spherical form, so as to ofler no difference when 
turned about on its centre, other than the inclination of its 
optical axis to the visual ray. Then when that axis coincides 
with the line of collimation of the object-glass, one image 
only will be seen, but Avhen made to revolve on an axis 
perpendicular to that line, two will arise, opening gradually 
out from each other, and thus originating tlie desired dupli-^ 
cation. In this contrivance, the angular amount of tliC' 
rotation of the sphere affords the necessary datum for 
determining the separation of the images. 

(203.) Of all methods wliich have been proposed, however, 
the simplest and most unobjectionable would appear to be 
the following. It is well known to every optical student, 
that two prisms of glass, a flint and a crown, may be oppose<l 
to each other, so as to produce a colourless deflection of paral- 
lel rays. An object seen through such a compound or 
achromatic prism, will be seen simply deviated in direction, 
but in no way otherwise altered or distorted. Ijot such a 
prism be constructed with its surfaces so nearly parallel that 
the total deviation produced in traversing them shall not ex- 
ceed a small amount (say 5'). Let this be cut in half, and 
from each half* let a circular disc 
be formed, and cemented on a 
circular plate of parallel glass, or 
otherwise sustained, close to and 
concentric with the other by a 
framework of metal so light as to 
intercept but a small poi-tion of the 
light which passes on the outside 
(as in the annexed figure), where 
the dotted lines represent the 
radii sustaining one, and the un- 
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dotted those carrying the other disQ. The whole must he 
80 mounted as to allow one disc to revolve in its own plane 
behind the other, fixed, and to allow' the amount of rotation 
to be read off. , It is evident, then, that when the deviations 
produced .by the two discs conspire, ti total deviation of 10' 
will be effected on all the light which has passed through 
them ; that when tliey oppose each other, the rays will 
emerge undeviated, and that in intermediate positions a de- 
viation varying from 0 to 10', and calculable from the angu- 
lar rotation of the one disc on the other, will arise. Now, 
let this combination be applied at such a point of the cone 
of rays, between the object-glass and its focus, that the discs 
‘n^;ha ll oe eiipy exactly half the area of its section. Then will 
half the light of tlie object lens pass nndeviated — the other 
half deviated, as above described; and thus a duplication of 
image, variable and aieasiircable (as required for micrometric 
measurement) will occur. If the oluject-glass be not very 
large, the most convenient point of its application will be ex- 
ternally before it, in which case the diameter of the discs 
will be to that of the object-glass as 707 : 1000; or (allow- 
ing for the spokes) about as 7 to 10. 

(204.) The Position Micrometer is simply a vStraight thread 
or wire, which is carried rouiul by a smooth revolving motion, 
in the common focus of the object and eye-glasses, in a plane 
perpendicular to the axis of the telescope. It serves to de- 
termine the situation with respect to some fixed line in the 
field of view, of tlie line joining any two objijcts or points ot 
an object seen in that field — as two stars, for instance, near 
enough to be seen at once. For this purpose the moveable 
thread is placed so as to cover both of them, or stand, as may 
best be judged, parallel to their line of junction. And its 
angle, with tlie fixed one, is then read off' upon a small 
divided circle exterior to the instrument. When sucli a 
micrometer is applied (as it most commonly is) to an equa- 
torially mounted telescope, the zero of its position correspondvS 
to a direction of the wire, such as, prolonged, will represent 
a circle of declination in the heavens — and the ‘^angles 
of {>ositIon” so read off’ arc reckoned invariably from one 



MICROMETERB. 


125 


point, and in one direction, viz., north, following^ south, pre- 
ceding ; so that 0*^ position corresponds to the situation of an 
object exactly north of that assumed as a centre of reference, 

90^ to a situation exactly eastward, or following; 180’ 

exactly south; and 270"^ exactly west, or preceding in the 
order of diurnal movement. When the relative position of 
two stars, very near to each other, so as to be seen at once 
in the same field of view, is to be determined in this way, 
especially if they be of unequal magnitudes, the best form of 
the instrument consists, not in a single thin wire to be placed 
centrally across botli tlie stars, but in two thick |)arallel 
wires, between which both stars are brought under inspe^ction 
in a symmetrical situation, hy which arrangement the paral- 
lelism of the line joining their centers with the directiiin of 
the wires can be very much more accurately judged of. It 
gives great advantage, nioreovw, to the precision of such a 
judgment, if the position of the observer be such as to bring 
tlie principal section of his eye (that which in his upright 
position is vertical) into ])a rail ells jii with the wires. 

(204 «.) To see the fiducial threads or wires of an eye- 
piece or micrometer in a dark night is impossible without 
introducing some artificial light into the telescope, so as 
either to illuminate the field of vie>v, leaving the threads 
dark, or vice rxrsd. To illuminate the field, the light of a 
lamp is introduced by a lateral opening into the tube of the 
telescope, and dispersed by reflexion on a white unpolished 
surfac‘e, so arrapged as not to intercept any part of the cone 
of rays going to form the image. For illuminating the wires, 
direct lamp light. is thrown on them from the side towards 
the eye ; the superfluous rays being stifled by falling on a 
black internal coating, or suffered to pass out to the tube 
through an opposite aperture opening into a dark chamber. 

(204 J.) When the wires are seen dark on an illuminated 
field, the colour of the illuminating light is of great import- 
ance. As a matter of experience, it is certain that a red illn- 
nilnation affords a far sharper and clearer view of the wires 
than any other. 

(204 c.) For observing the sun, darkening glasses are neces- 
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sary. In this case red glasses are inappropriate, because 
they transmit the solar heat freely, by which the eye would 
be seriously injured, and even when very deep tinted, render 
prolonged inspection intolerably painful. Green glasses 
are free from ‘this objection. The best darkening glass, 
howerer, is a combination of a cobalt blue with a green 
glass, which if the components are properly selected, trans- 
mits an almost homogeneous yellow light, and no sensible 
amount of heat. Both the light and heat of the sun, 
however, may be subdued by reflexion at glass surfaces, the 
light returned by regular reflexion on glass being t)nly about 
per cent, of that incident on it. A reflecting telescope 
^specifically adapted for viewing the sun may be constructed 
by making the specula of glass, the object mirror having the 
form of a double concave lens, whose anterior surface (that 
producing the image) is worked into a paraboloid of the 
proper focal length, and the posterior to a sphere of consi- 
derably greater curvature to transmit and disperse out- 
wards the refracted rays into the open air behind (for which 
purpose the telescope should be open at both ends) and to so 
weaken those reflected by dispersing them as not to in- 
terfere with the distinctness of the image. Neither the 
(juality of the glass, nor accuracy of figure in the posterior 
surface is of any importance to the good performance of such 
a reflector.* Should the light be not sufficiently enfeebled 
by the first reflexion, it may be still further reduced (to 
about I— 900^^ part of Its original intensity) by making the 
small speculum of glass also in the form of a prism ; the re- 
flection being performed on one of its exterior surfaces, and 
the refracted portion being turned away and thrown out at 
the other. 

(204x1) Advantage may be also taken (as in Sir D. 
Brewster’s polarizing eye-piece) of the properties of polarized 
light, which may be diminished in any required degree 
by partial reflexion in a plane at right angles to that of its 

* l ^vouM uliQ this opportunity t‘artu‘<;t1y to recoinni<Mu] the vonstnujtion of « 
Mivseope on this principle, first propouiuled and inore fully described in my 
Cape observations (p, dSd) to tlie attention of the practical optician. 
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fil-st oblkj[ue reflexion. Or without polarization, the light 
may be enfeebled by vsuceessive reflexions between parallel 
surfaces to any extent,. 

(204 e.) When the object in view is to scrutinize, under 
high magnifying powers, minute poi*tioiis of the solar dise ; 
the light and heat of the general surface may be intercepted 
b)' a metallic screen placed in the focus whore the image is 
formed, and pierced with a very small hole, allowing that 
minute portion only to pass through and he examined with 
the eye-piece; tlie observer being thus defended from the 
glare. Ily this arrangement^ Mr. Dawes, to wliom the 
idea is due, has been enabled to o}>serve some very extra- 
ordinary peculiarities in tiie constitution of tiie sim^s am:-, 
face, discernible in no other way, an account of which will 
he found in their proper place. 

(204 /.) the use of large reflectors has beconio 

common among astronomers, the necessity of supporting 
the ponderous masses of their s|>ecnlH witliout constraint or 
undue pressure in any (.lireci’on (which would distort the 
figure of their polished surfaces), renders the use of some 
ready method of verifying, from instant to instant, the ad- 
justment of their lines of colllination (or the optical axis of 
the reflectors), and of readjusting it, when shifted, indis- 
pensable, For this purpose, a small collimating telescope 
(Art. 178.), illuminated by reflexion from a lamp outside, is 
fi\ed within the tube of the reflector, its objectr-end being 
turned towardp the speculum. Upon the image of the cross- 
wires of this telescope formed in the focus of the reflector, 
and seen through its eye-piece as a real object, the transits 
and altitudes of celestial objects may be observed as if it 
consisted of actual wires ; for the.se, it is manifest, if once 
placed so as to bisect a star, will continue to do so, Avhatever 
amount of tilting the reflector might be subjected to, eithi^r 
in a lateral or vertical plane. The rays from the star and the 
axis of the collimator remaining parallel, the latter axis, 
and not that of the reflector, becomes in fact the real line of 
coHirnation or optic axis of the instrument, Avhen objects are 
thus directly referred to it. Should convenience of micro- 
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metric measurement, or the observation of faint objects in a 
very feebly illuminated field, preclude' such direct reference, 
the position of the speculum must from time to time be ex- 
amined, and if faulty, readjusted by bringing the micrometer 
wires to coincidein (; with the image of those of the collima- 
tor by an ap'pro|)riitte mechanism communjcating the requisite 
small amount of movement to the speculum in its cell.* 


• See Phil. Trans. 18.JS, pp. where this application of the collimating 

principle used by the author since I88;3, is first described. See also lle.sulu 
of astronomical observation at the Cape of Good Hope/’ preface, p. niv 
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CHAPTEB IV. 

OF GEOGKAPHT. 

OF THE FIGURE OF THE EARTH, ITS EXACT DIMENSIOKS. ITS 

form: that of equilibrium modified by centrifugal force. 

VAUIATION of GICAVITY ON ITS SUliFACE. STATICAL AND 

dynamical measures of gravity. THE PENDULUM. GRAVITY 

TO A SPirEROH>. OTHEFt EFFECTS OF THE EARTH^S ROTATION. 

TRADE WINDS. — VEERING OP THE YVINDS.— CYCLONES. — FOU- 

OAULt’s pendulum. — THE GYROSCOPE. DETERMINATION OF 

GEOGRAPIIICAL POSITIONS. OF LATITUDES. OF LONGITUDES. 

CONDUCT OF A TRIGONOMETRICAL SURVEY. OF MAPS. — PICO- 

JECTIONS OF THE SPHERE. MEASUIIEMENT OF HEIGHTS BY THE 

BAROMETER. 

(::?()5.) Geography is not only the most important of tlui 
I'ractical branches of knowledge to which astronomy is 
n|)|)lle<l, but it is also^ theoretically speaking, an essential 
part of the latter science. The earth being the general station 
irojii which we view the heavens, a knowledge of the local 
situation of particular stations on its surface is of great ci>n- 
s(Tj nonce, when we come to inquire the distances of the nearer 
lieavenly bodies from us, as concluded from observations of 
their parallax, as well as on all otlier occasions, where a 
difference of locality can be supposed to influence astronomical 
n'sults. We propose, therefore, in this chajiter, to explain 
the principles, by which astronomical observation is applied 
to geographical determinations, and to give at the same time 
an outline of geography so far as it is to be considered a part 
of astronomy. 

(206.) Geography, as the Avord imports, is a delineation o» 
description of the earth. In its Avidcst sense, this compre* 
hends not only the delineation of the form of its continents 
and seas, its rivers and mountains, but their physical condition, 
climates, and pi'oducts, and their apjirojiriation by communi- 
ties of men. VV itli physical and political geography, however, 
we have no concern here. Astronomical geogra|)hy has for 

K 
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ha ubjeetri the exact knowledge of the form and dimensioiid 
oi' the earth, the parts of its surface occupied by sea and land, 
and the configm ation of the surface of the latter, regarded as 
protuberant ab(.)ve the ocean, and broken into the various 
forms of njouiitain, table hind, and valley; neltlier should the 
Ibrin of tlic bed of tlic ocean, regarded as a continuation of 
the surface of the hind beneath the water, be left out of con- 
sideration : we know, it is true, very little of It ; but this is 
an ignorance ratlier to be lamented, ari<l, if possible, remedied, 
than acquif^sced in, inasmuch as there are many very im- 
f>ortant branches of in({uiry wliich would be greatly advanced 
bv a lietter lu'quaintance with it. 

(207.) AVitli regard to the figure of the eartli an a tciwley 
u e have already sliown that, sjieaking loosely, it may be 
regarded as sjdierical ; but the reader who has duly appreciated 
the remarks in art. 22 . will not be at a loss to perceive that 
this result, concluded from observations not susceptible of 
much exactness, and embracing very small portions of the 
surface at once, can only be regarded as a first ajiproximation, 
and may requires to be materially modified by entering into 
minutiae before neglected, or by increasing the delicacy of our 
observations, or by including in their extent larger areas of 
Its surface. For instance, if it slioukl turn out (as it will), 
on minuter irujuiry, that the true figure is somewhat elli{> 
tioal, or flattened, in the manner of an orange, having the 
diameter which coincides with the axis about 3 ooth part shorter 
than the diameter of its equatorial circle; — this is so trifling 
a deviation from the spherical form that, if a model of such 
proportions were turned in woixl, tind laid before us on a 
table, the nicest eye or hand would not detect the flattening, 
since the difference of diameters, in a globe of fifteen inches, 
would amount only to of an inch. In all C()rninon 
parlance, and for all ordinary purposes, then, it would still be 
called a globe ; while, nevertheless, by careful measurement, 
the difference would not fail to be noticed ; and, speaking 
.strictly, it would be termed, not a glolie, but an oblate 
ellipsoid, or spheroid, which is the name appropriated by 
geouH rs to the form above described. 
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(208.) The eectiona of such a figure by a jilane afe not 
circles, but ellipses ; so that, on such a shaped earth, the 
horizon of a spectator would nowhere (except at the poles) 
be exactly circtilar, btif somewhat ellipticrd. It is easy to 
demonstrate, however, that its deviation from the circular 
form, arising from so very slight an cllipticity'^'^ as above 
supposed, would be quite imperceptible, not only to our eye- 
sight, but to the test of the dip-sector ; so that by that m<xie 
of observation we should never be led to notice so small a 
deviation from perfect sphericity. Ho\v we are led to this 
conclusion, as a practical resnlt, will appear, when we have 
explained the means of determining with accuracy tlie di- 
mensions of the whole, or any part of the earth. 

(209.) As we cannot grasp the earth, nor recede from it 
far enough to view it at once as a whole, and compare it with 
a known standard of measure in any degree corrunensurate 
to its own size, but can only creep about upon It, and apply 
our diminutive measures to cornparativfdy small parts of its 
vast surface in succession, it becomes necessary to supply, by 
geometrical reasoning, the defect of our physical powers, and 
from a delicate and careful measurement of such small parts 
to conclude the form and dimensions of the whole mass. 
This would present little difficulty, if we were sure the earth 
were strictly a sphere, for the proportion of the circumfer- 
ence of a circle to its diameter being known (viz. that of 
3*1415026 to 1*0000000), we have only to ascertain the 
length of the 'entire circumference of any great circle, such 
as a meridian, in miles, feet, or any other standard units, to 
know the diameter in units of the same kind. Now, the cir- 
cumference of the whole circle is known as soon as we know 
the exact length of any aliquot part of it, such as 1® or 
part; and this, being not more than about seventy miles in 
length, IS not beyond the limits of very exact measurement, 
and could, in fact, be measured (if we knew its exact termi- 
nation at each extremity) within a very few feet, or, indeed, 
inches, by methods presently to be particularized. 

(210.) Supposing, then, we were to begin measuring with 
sJI due nicety from any station, in the exact direction of a 

X 2 
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inerUlian, and go ineasiiring on, till, by some indication we 
were infVjrmed that we liad accomplished an exact degree from 
tlie point w e set out from, our problem w^oiild then be at oiiee 
resolved. It only remains, therefore, to inquire by wduit 
indications we can be sure, 1st, tljat we have advanced an 
exact degree ; and, 2dly, that we have been measuring in the 
exact direct ion of a great circle, 

(211.) Now, llic ('arth has no landmarks on it to indicate 
degrees, nor traces inscribed on its surface to guide us in such 
a course. The com])ass, though it all()rds a tolerable guide 
to the uiariuer or tlie traveller, is far too iincertain in its 
Indications, and too little known in its laws, to l)e of any u.«e 
in such an operation. We must, tlierefore, look outwards, 
and refiu' our situation on the surlace of our globe to natural 
mai'ks, external to it, and which are of (apial pt'rmanenee and 
stability the tairth itself. Sucli marlvs are afforded by 
tlie stars. By observations of their meridian altitudes, per- 
formed at any station, and from their knowm jiolar distances, 
we conclude the height of the pole ; and since the altitude of 
the pole is equal to the latitude of the place (art. 119.), the 
same observations give the latitudes of any stations where we 
may estalilish tlie riapiislte iiistruinents. When our latitude, 
then, is found to luive diminished a degree, we know that, 
provided ive have kepi to the meridian, we liave described one 
three liundred and sixtieth part of the earth s circumference. 

(212.) The direction of the meridian may be secured at 
every instant by the observations descrlla-d in art. 162. 188.; 
and although local difficulties may oblige us to deviate in our 
measurement from this exact direction, yet if we keep a strict 
account of the amount of this deviation, a very simple calcu- 
lation will enable us to reduce our observed measure to its 
meridional value. 

(213.) Such is the principle of that most important geo- 
graphical operation, the measurement of an arc of the meri- 
dian. In its detail, however, a somewhat modified course, 
must be followed. An observatory cannot be mounted and 
dismounted at every step ; so that we cannot identify and 
rmnisurc an exact degree neither wore nor less. But this i> 
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of no consequence, provided we know with equal precision 
how much^ more or less, we have measured. In place, then, 
of measuring this precise aliquot part, we take the more 
convenient metliod of measuring from one good observing 
station to another, about a degree, or two or three degrees, 
as the case may be, or indeed any determinate angular 
interval apart, and determining by astronomical obKservation 
the precise dilierencc of latitudes between the stations. 

(214.) Again, it is of great consequence to avoid in this 
operation every source of uncertainty, l)(3CJinse an error com- 
mitted in the length of a single degree will be multiplied 
:U)0 times in the circumference, and nearly 115 times in the 
diameter of the earth concluded from it. Any error whiel: 
may affect the astrcniomieal determination of a star's altitude 
will be especially influential. Now, there is still too rnucli 
uncertainty and fluctuation in tlic amount of refraction at 
moderate altitudes, not to make it espeeially desirable to 
avoid this source of error. To efl'ect this, we take care 
to select for observation, at the extreme stations, some star 
which passes through or neai' the zeniths of botli. The 
aniouiit of refraction, within a few d(\grees of tlie zenith, is 
very small, and its fluctuations and uin'ertainty, in point of 
quantity, so excessively minute as to be utterly inappretiable. 
Now, it is the same thing whetlicr we ol)Scrve tint pole to be 
raised or depressed a degree, or tiie of a star 

when on the merldia]i to have changed by tlie same quantity 
(lig. art 128.)* If at one station we observe any star to pass 
through tlie zenitli, and at the other to jiass one degree 
south or north of the zenith, we arc sure that the geographical 
latitudes, or the altitudes of the jiole at the two stations, 
must differ by the same amount. 

(215.) Granting tluit tlie terminal points of one degree 
can be ascertained, its lengfh may be measured by tbe 
methods which will he presently described, as we have before 
remai’kcd, to within a very few feet. Now, tlie error which 
may be committed in fixing each of tliesi; terminal points 
cannot exceeil tbat wliich may be committ<'<l in (li(3 observa- 
tion of the zenith distance of a star properly situated lor tbe 
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purpose in question. This error, with proper care, ciui 
hardly exceed half a second. Supposing we grant the possi- 
bility of ten feet of error in the length of each degree in a 
measured arc of five dt^grees, and of half a second in each 
of the zenith distances of one star, observed at the northern 
and southern stations, and, lastly, suppose all these errors to 
conspire, so as to tend all of them to give a result greater, or 
all less, than the truth, it will appear, by a very easy pro- 
portion, that the wliole amount of error which would be thus 
entailed on an estimate of the earth’s diameter, as concluded 
from such a measure, would not exceed 1147 yards, or about 
two thirds of a mile, and tiiis is ample allowance. 

^ (216.) This, however, supposes that the form of the earth 
is that of a perfect sphere, and, in consequence, the lengths 
of its degrees in all parts precisely equal. But, when we 
come to compare the measures of meridional arcs made in 
various parts of the globe, the results obtained, although 
they agree sufficiently to show that the supposition of a 
sj)herical figure is not vert/ remote from the trutli, yet exhibit 
discordances far greater than what we bave shown to be 
attributable to error of observation, and which render it 
evident that the hypothesis, in strictness of its wording, is 
untenable. The foilovviiig table exhibits the lengths of arcs 
of the meridian (astronomically determined as above de- 
scribed), expressed in British standard feet, as resulting from 
actual measurement made with all possible care and precision, 
by commissioners of various nations, men of };he first emi- 
nence, supjdied by their respective governments with the best 
instruments, and furnislied with every facility which could 
tend to ensure a successfiil result of their important labours. 
The lengths of the degrees in the last column are derived 
from the numbers set down in the two preceding ones by 
simple proportion, a metliod not quite exact when the area 
are large, but sufficiently so for our purpose. 
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Cooniry. 

Latitude of 
MiHdie of Arc. 

Arc 

measured. 

Measured 
Ijcngth in 
Feet. 

' 

M.?an 
Length of 
the Uegrt-e 
at the Mid- 
dle Lali- 1 
tude iu 1 
Feet. 1 

Sweden*, A B 


+ 6 (>o SO' uy'-o 

JO 37 / 1 9// -6 

593 2 W 

S65744 

Sweden, A 

- 

4-66 

19 

37 

0 

57 

30 4 

.351832 

367086 

Russia, A 


+ 58 

17 

37 

3 

85 

5-2 

1309742 

365S68 

Russia, B 

* 

4 56 

3 

55 5 

8 

2 

28 ‘9 

2937439 

365291 

Prussia, B 


4 54 

58 

26-0 

1 

SO 

29 0 

551073 

365420 

Deurnark, B 


+ 54 

8 

13*7 

1 

31 

53 -3 

.559121 

365087 

Hanover, A B 


+ 52 

32 

16*6 

2 

0 

57*4 

736425 

' 365300 

England, A 


+ 52 

35 

45 

3 

57 

L'p] 

1442953 1 

36 197 1 ^ 

England, B 


4 52 

2 

19*4 

0 

50 

2 ‘{ -5 

1036409 ! 

364951 ! 

France, A 


+ 46 

52 

o 

8 

20 

0-3 

' 3040605 I 

:';6487 2 

France, A B 


•p 1 4 

51 

2-5 

12 

22 

12*7 

4509832 I 

364572 

Home, A 

. 

4 42 

59 

— 

2 

9 

47 

787919 1 

364262 

America, A 

. 

4 39 

12 

— 

1 

28 

45*0 

.538100 j 

:w;3786 

India, A B 

- 

416 

8 

21 *5 

15 

57 

40-7 

5794598 j 

363044 

India, A B 

- 

4 12 

32 

20-8 

1 

34 

56*4 

574318 

362956 

Peru, A B 


— I 

31 

0*4 

3 

7 

3*5 i 

1131050 1 

362790 

Cape of Good Hope, A 

-33 

18 

30 

1 

13 

17*5 i 

445506 i 

364713 

Cape of Good Mope, B 

-.35 

43 

20*0 

3 

34 

34 '7 1301993 

364060 ! 

1 


It in evi(l( 3 nt from a mere inspection of the second and filth 
columns of this table, that the measured length of a degree in^ 
creases with the latitudey being greatest near the poles, and 
least near the equator. I-<ct us now consider wliat inter- 
pretation is to bo put upon this conclusion, as regards the 
form of the earth. 

(217.) Sujqiose we held in our hands a model of the earth 
smootlily turned in wood, it would be, as already observed, so 
nearly spherlcj,il, that neither by the eye nor the touch, un- 
assisted by instruments, could we detect any deviation from 
that form. Suppose, too, we were debarred from measuring 
directly across from surface to surface in different directions 


• The astronomers by whom these measurements uere executed «cre as 
follows : — . 


Sweden, A B — Svanberg. 
Sweden, A — Maupertuis. 
Riu^sia, A — Struve. 

Russia, n — Struve, Tenner 
Prussia — Hesstd, Bayer. 
Denmark — Schumacher, 
Hanover — Gauss. 

EngJand — Roy, Kater. 
f iance, A I„n*aille, 


France, A B — Delambre, Mi*chaiiu 
lloine— Boscovich. 

America — Mason and Dixon. 

Indiiii, 1st — I.;nnl)ton. 

India, ed — f^amhton. 

Peru — l/icunfiriuiine, f^ougner. 

Ca| ol Good A — i^acaiile. 

Ca}. of Good Iio|ie, B — Madear. 

« J-(r. .\ac/tr. A 7 4, 
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with ;iny instnunent, by which we itiiglit at once ascertain 
whether one diameter were longer than another ; how, then^, 
we may ask, are we to ascertain whetller it is a true sphere or 
not ? It is clear, that we have no resource, but to endeavour 
to discover,, by some nicer means than simple inspection or 
feeling, whether the convexity of its surface is the same in 
every part; and if not, where it is greatest, and wiiere least. 
Suppose, then, a thin plate of 
metal to be cut into a con- 
cavity at its edge, so as ex- 
actly to fit the surface at A : 
let this now be removed from 
A, and applied successively 
to several other parts of the 
surface, taking care to keep its 
plane always on a great circle 
of the globe, as here represented. If, then, we find any 
position, B, in which the light can enter in the middle be- 
tween the globe and plate, or any other, C, where the latter 
tilts by pressure, or admits the light under its edges, wc 
are sure that the cnrvatvre of the surface at B is less, and 
at C greater, tlian at A. 

(218.) What we here do by the a]>plication of a metal plate 
of determinate length and curvature, we do on the earth by 
the measurememt of a degree of variation in tlie altitude of 
the pole. Curvature of a surface is nothing but tlic continual 
deflection of its tangent from one fixed direction as we ad- 
vance along it. When, in the name measured distance of 
advance wc find the tangent (which answers to our horizon) 
to have shifted its position witli res{)ect to a fixed direction 
In space, (such fis the axis of the heavens, or the line joining 
the earth’s centre and some given star,) more in one part of 
the earth’s meridian than in another, wc conclude, of necessity, 
that the curvature of the surfac.e at the former spot is greater 
than at the latter; and vice versa., wlicii, in order to jiroduco 
the same change of horizon with respect to the pole (vsiip- 
pose 1°) wc recpiirc to travel over a hnujer measured space at 
one point than at anotlier, we assign to tliat point a less cur* 
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vature. Hence we conclude that the curvature of a meridional 
section of the earth is sensibly greater at the equator than to^ 
wards the poles ; or, iiF other words, that the earth is not 
spherical, but flattened at the poles, or, which comes to tlie 
eamc, protuberant at the equator. 

(219.) Let N A B D E F rejjresent a meridional section of’ the 
earth, C its centre, and N A, B D, G E, arcs of a meridian. 



each corresponding to one degree of difference of latitude, o * 
to one degree of variation in the meridian altitude of a star, 
as referred to the lu)rizon of a spectator travelling along the 
meridian. Let n N, a A, B, d D, g (r, e E, be the res|)ectlve 
directions of the plumh-llne at the stations N. A, B, T), G, E, 
of which we will si i impose N to be at the pole and E at the 
equator; then wall the tangents to tlie surface at these points 
respectively be perpendicular to these directions; and, cou- 
sequently, if each ])air, viz. ?i N and a A, b B and d 1), g (1 
and 4?E, be prolonged till they intersect each otJicr (at; the 
points Xy ?/, z)y the angles N x A, B y D, G z E, will each be 
one degree, and, therefore, all eipial ; so that the small cur- 
vilinear ares N A, B I), G E, niay be regardial as ares of 
circles of one degree each, described about x, //, z, as cent res. 
Tliese are wdiat in geometry are cadh d centres of curvatvrcy 
and the radii x jSi or x A, y B or y L), z G oi’ z E, rejireseiit 
radii of curvature^ by which the curvatures at those jioints 
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are detenuined and measured. Now, as the arcs of different 
circles, which subtend equal angles at their respective cen- 
tres, are in the direct proportion of tlieir radii, and as the arc 
N A is greater than B D, and that again than G E, it follows 
that the radius N must be greater than By, and B y than 
Ez. Thus it a})pears that the mutual intersections of the 
j)linnb-rnu.s will not, as in the sphere, all coincide in one 
point C, the center, but will l)» arranged along a certain 
curve, a: y z (which will be rendered more evident by con- 
sidering a nmnher of intermediare stations). 7'o this curve 
geoinetci's have given the name ol‘ tiie evohde of tlie enrve 
N A D G E, iVom wliose centers of curvature it is con- 
^structed, 

(2‘^0). In tlie flattening of a round figure at two opposite 
[)oints, and its jirotuberancc at points rectangularly situated 
to the former, wo recognize the distinguishing feature of the 
cllii)tic form. Accordingly, the next and simplest supposition 
that W'G can make respecting the nature of the meridian, 
since it is proved not to be a circle, is, that it is an elli[)se, or 
nearly so, having N S, the axis of the earth, lor its shorter, 
and EF, the equatorial diameter, for its longer axis: and 
that the form of the earth’s surfiice is that w liieh would arise 
from making such a curve revolve about its shorter axis N S. 
This agrees well with the general course of tlie increase of 
the degree in going from the ecjuator to the j)ole* In the 
ellipse, the radius of curvature at E, the extremity of tlie 
longer axis Is tlie least, and at that of the shorter axis, tlie 
greatest it admits, and the form of its (wolute agrees with that 
here reprevsented.* Assuming, then, that it is an ellipse, the 
geometrical properties of that curve enable us to assign the 
proportion between the lengths of its axes which shall cor- 
respond to any proposed rate of variation in its curvature, as 
well as to fix upon tlieir absolute lengths, corresponding to 
any assigned length of the degree in a given latitude. With- 
out troubling the reader with the investigation, (which may 
be found in any work on the conic sections,) it will be sul-' 

• Thr dottc(^ linos Are the portions of the cvoliite belonging to the other 
fjoadranlH, 
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ficient to state the results which have been arrived at by the 
most systematic cornbinations of the rneasured arcs which 
have liitlierto been mado by geometers. The most recent is 
tliat of Bessel w ho by a combination of the ten arcs^ marked 
B in our table, has concluded the dimensions of the terrestrial 
spheroid to be as follows: — 

Feet. 

Greater or equatorial diameter - - • *» 41,847,192 7925*604 
Lesser or polar diameter - - - . in 41,707,314 = 7899*1 14 
Difference of diameters, or polar compression 139,768 « 26 -471 

Proportion of diameters as 299*15 to 298*15. 


The other combination whose results we shall state, is that 
of Mr. Airy t, who concludes as follows : — 


Feet. Miles. 

Equatorial diameter 41,847,426 =» 7925*648 

I’olar diameter 41,707,620 7899 1 70 

Polar compression - - - - • c® 139,806 « 26 -47$ 

Proportion of diameters as 299*33 to 298*33. 


These conclusions are bavsed on the consideration of those 
13 arcs, to which the letter A is annexed and of one other 
arc of 1"^ 7' 3r'T, measured in Pieclniont by Plana and 
Carlini, whose discordance with the rest, owing to local 
causes hereafter to be explained, arising from the exceedingly 
mountainous nature of the country, render the propriety of so 
employing it very doubtful. Be that as It may, the strikingly 
near accordance of the two sets of dimensions is such as to 
inspire the greatest confidence in both. The measurement at 
the Cape of Good Hojie by Lacaille, also used in this deter- 
mination, has always been regarded as unsMlisfactory, and 
has recently been demonstrated by Mr. Th. Maclear to bf3 
erroneous to a considerable extent. The omission of the 
former, and tlie substitution for the latter, of the for pre- 
ferable result of Maclear’s second measurement would in- 
duce, however, but a trifling change in the final result. 

(221.) Thus w^e see that the rough diameter of 8000 miles 
we have hitherto used, is ratlier too great, tlie excess being 

* Schumacher’s AstTonomisebe Nachriclitrn, Nos, 3.''3, 334. .335. 438. (1841 y 
■f’ EncyclopaeH'.i Mef.ropolitnna, ** Fipeuro of the Earth” (3 831 ) 

I hi those which h.i\c both A and B, the. ntimhi rs used liy Mr, Airy differ 
l^htly from wh’ch are tho«*' wc have prchTied. 
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about 100 miles, or part. As couvenicut numbers to 
remember, the reader may bear in mind, that in our latitude 
there are just as many thousands of feet in a degree of the 
meridian as there are days in the year (365): that, speaking 
loosely, a degree is about 70 British statute miles, and a 
second about 100 feet; that the equatorial circumference of 
the earth is a little less than 25,000 miles (24,899), and the 
ellipticity or polar flattening amounts to one 300th part of 
the diameter. 

(222.) The two sets of results al)ovo stated are placed In 
juxtaposition, and the particulars given more in detail than 
may at first sight appear consonant, either with the general 
plan of this work, or the state of the reader’s presumed ac- 
quaintance with the subject. But it is of importance that he 
should early be made to see how, in astronomy, residts in ad- 
mirable concordance emerge from data accumulated from 
totally diflerent quarters, and how local and accidental ir- 
regularities in the data themselves become neutralized arid 
obliterated by their impartial geometrical treatment. In the 
cases before us, the modes of calculation followed are widely 
different, and in each the mass of ligures to be gone through 
to arrive at the result, enormous, 

(223.) The supposition of an elliptic form of the eartlvs 
section through tlie axis is recommended by its sim))Hclty, 
and confirmed by comparing the numerical results we liave 
just set down with those of actual measurement. WJien this 
comparison is executed, discordances, it is true, are observed, 
which, although still too great to be referred to error of mea- 
surement, are yet so small, compared to the errors whicli 
would result from the splierical liypotliesis, as completely to 
justify our regarding tlie earth as an elii()soid, and referring 
the observed deviations to either local or, if general, to com- 
paratively small causes. [For § (223 a) see Note T)'). 

(224.) Now, it is highly satisfactory to fiiul that the gene- 
ral elliptical figure t}ius/n'^.<'//V7///7/ proved to exist, is jirecisely 
what ou(jht theort'tu'tdlij to result from tlie rotation of the 
earth on its axis. For, let us suppose the eartli a sphere, a; 
reet, of uniform materials throughout, and extcvrnaliy ( overc*! 



FIGUUB OF THE EARTIT. 


Ml 


with an ocean of equii| depth in every part. Under .such 
circumstances it would obviously be in a state of eqiiiUbrium ; 
and the water on its surface would have no tendency to run 
one way or tlie other. Sui>pose, now, a quantity of its ma- 
terials were taken iVoin the polar regions, and piled up all 
siround the equator, so as to produce tliat dilfcrence of the 
|)()lar and ccpiatorial diameters of 26 miles which we know to 
exist. It is not less evideut tfiat a mountain ridge or equa- 
torial conthmii), onh/, would be tlius lbi-inc(h down which the 
water would run into the excavated ])art at the poles. 
However solid matter might rest where it was placed, the 
liquid [)art, at least, wmdd not remain tliere, any more tlian 
I{‘ it wtu’o thrown on the side of a hill. The consequence 
tiu refore, wovdd be the formation of two great p(dar seas, 
iuiumed in all I’oiind l)y equatorial land. Now, this is by no 
means the case in nature. I'he ocean occupies, indifferently, 
:dl latitudes, with no move |>artiallty to the polar than to the 
(Mjuatorial, Since, then, as we see, the water occupies an 
elevation above the centre no less than 13 miles greater at 
tlie equator than at the poles, and yet manifests no tendency 
to leave the former and run towards the latter, it is evident 
that it must be retained in that situation by some adequate 
power. No such power, however, woidd exist in the case we 
have supposed, wliich is therefore not conformable to nature. 
Ill other words, the spherical form is not tlic fipure of equi- 
librium ; Mild therefore the earth is cither not at rest, or is so 
internally constituted as to attract tlie water to its equatorial 
regions, and retain it there. For tlie latter sup[)osition there 
is no prim d facie probability, nor any analogy to load us to 
such an idea. The former is in accordance with all the phe- 
noineua of the apparent diurnal motiou of the heavens ; and 
therefore, if it will furnish us witli the porcer in question, we 
can have no hesitation in adojitiug it as the true one. 

(225.) Now, every body knows tliat when a weight is 
whirled round, it acquires thereby a tendency to recede from 
the centre of its motion ; which is called the centrifugal force. 
A stone whirled round in a .sling is a common illustration; 
but a better, for our present purpose, will be a pail of water, 
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»iis[rended by a cord, and made to spin rounds while the cord 
hangs perpendicularly. The surface of the water, instead of 
remaining horizontal, will become concave, 
as in the figure* The centrifugal force ge- 
nerates a tendency in all the water to leave 
the axis, and press towards the circiira- 
ference ; it is, therefore, urged againot the 
pail, and forced up its sides, till the excess 
of height, and consequent increase of pre- 
sure downwards, just counterbalances its 
c-cntrifiigal force, and a state of ecjuilihrmm 
is aftained. The expeiTuicnt is a very easy 
and instructive one, and is admirably cal- 
crdcnlated to sliow how tlie form of er/uili- 
Irnum accrnnmodates itself to varying cir- 
cumstances. li‘, for ex:imj)le, we allow the 
rotation to cease by degrees, as it becomes 
slower we shall see the concavity of the 
whaler regularly diminisli ; the elevated out- 
ward portion will descend, and the depressed central rise, 
while all the time a perfectly smooth surface is maintained, 
till the rotation is exhausted, when the water resumes its 
horizontal state. 

(226.) Suppose, then, a globe, of the size of the earth, at 
rest, and covered with a uniform ocean, were to be set in ro- 
tation about a certain axis, at first very slowly, but by degrees 
more ra[)idly, till it turned round once in twenty-four hours; 
a centrifugal force w’ould be thus generated, whose general 
ternlency would be to urge the water at every point of the 
surface to recede from the axis, A rotation might, indeed, 
be conceived so swift as to flirt the whole ocean from the 
surface, like water from a mop. But this would require a 
far greater velocity than what we now speak of. In the case 
supposed, the weight of the water would still keep it on the 
earth ; and the tendency to recede from the axis could only 
be satisfied, therefore, by the water leaving the poles, and 
flowing towards the equator; there heaping itself up in a 
ridge, just as the water in our pail a(*cnmulateB against the 
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side ; and being retained in oppoaitiou to ity weight, or natural 
tendency towards the centre, by the pressure thus caused, 
'riiis, however, could n6t take place without laying dry the 
polar portions of the land in the form of imioensely protube- 
rant contiiicnts; and tJie difference of our supposed cases, 
therefore, is this: — in the former, a great equatorial conti- 
nent and polar seas would be formed ; in the latter, })rotube- 
rant land would aj)pear at the ]K)1es, and a zone of ocean be 
irhqK/sed around the equator. This would be the first or 
immediate effet.t. Let us now see what would afterwards 
happen, in the two cases, if things were allowed to take their 
natural courses 

(227.) The sea Is constantl}’^ beating on the land, grinding 
it down, and seatterliig its wa)rn off particles and fragments, 
in the state of mud and pebbles, over its bed. Geuhigical 
facts afford abundant proof that the existing continents have 
all of them tmdergone this procesis, even more tlian once, and 
been entirely torn in fragments, or reduced to powder, and 
submerged and recoiiwStructed. Land, in this view of the 
subject, loses its attribute of fixity- As a mass it might hold 
together in opposition to forces which the water freely obeys; 
hut in its state of successive or simultaneous degradation, 
when disseminated through the water, in the state of sand or 
rnud, it is subject to all the impulses of that fluid. In the 
lapse of time, then, the protuberant land in both cases wmuld 
l>e destroyed, and spread over the bottom of the ocean, filling 
up the lower parts, and tending continually to remodel the 
surface of the solid nucleus, in correspondence with the form 
of equilibrium in both cases. TIius, after a sufficient lapse 
of time, in the case of an earth at rest, the equatorial con- 
tinent, thus forcibly constnicted, would again be levelled and 
transferred to the polar excavations, and the spherical figure 
he so at length restored. In that of an earth in rotation, the 
polar protuberances would gradually be cut down and dis- 
appear, Ixjing transferred to the equator (as being then tlie 
deepest sea)^ till the earth would assume by degrees the form 
we observe it to have — that of a flattened or oblate ellipsoid. 

( 228 .) We are far from meaning here to trac*o the pro* 
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cess* u’>AicA the earth renlly assumed its actual form; all 
we intend is, to show that tliis is the form to which, under 
tlje conditions of a rotation on its 'axis, it must tend; and 
which it woul(| attain, even if originally and (so to speak) 
perversely^ constituted otherwise. 

(229,) But, further, the dimensions of the earth and the 
time ol itvS rotation being known, it is easy thence to calculate 
tlie exact amouut of the centrifugal force which, at the 
equator, appears to he ^^gth part of the force or weight by 
which all Ijodies, whetiicr solid or liquid, tend to fall towards 
the earth. tins fraction of its weight, then, the sea at the 

e(|uat(>ris lir/htened, am\ thereby rendered susceptible of being 
sn[>|K)rted on a liigher level, or more remote from the centre 
than at tlie poles, wlicre no such counteracting force exists ; 
and whort‘, in consequence, the water may be considered as 
specifically heavier. Taking this ])rinciple as a guide, and 
combining it with the laws of gravity (as developed by 
Newton, and as hereafter to be more fully explained), mathe- 
maticians iiave been enabled to investigate, a priori^ what 
would be the figure of eijuiUbrium of such a body, constituted 
internally as we have reason to believe the earth to be; 
covered wholly or partially with a fluid ; and revolving uni- 
formly in twenty-four hours ; and the residt of this inquiry 
is found to agree very satisfactorily with what experience 
shows to be the case. From their investigations it appears that 
the form of equilibrium is, in fact, no other than an oblate 
ellipsoid, of a degree of ellipticity very nearly'^ identical with 
what is observed, and which would be no doubt accurately so, 
did we know, with precision, the internal constitution and 
materials of the earth. 

(230.) The confirmation thus incidentally furnished, of the 
hypothesis of the earth’s rotation on its axis, cannot fail to 
strike the reader. A deviation of its figure from that of a 
sphere was not contemplated among the original reasons for 
ado[)ting that hypothesis, which was assumed solely on ac- 
count of the ojisy ex[>lanation it offers of the apparent diurnal 
motion of the heavens. Yet we see that, once admitted, 


Nfwton*^ F*rincij)ia, iii. Prop, 19. 
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it flniws with it, as a necessary eoiiseqiience, this other, re- 
markable phenomenon, of which no other satisfactory account 
could be rendered. Indeed, so direct is their connection, that 
the ellipticity of the earth’s figure was discovered and demon- 
strated by Newton to be a consequence of its rotation, and its 
amount actually calculated by him, long before any measure- 
inent had suggested such a conclusion. As we advance with 
our subject, we shall find the same simple principle branch- 
ing out into a whole train of singular and important con- 
sequences, some obvious enough, others which at first seem 
entirely unconnected with it, and which, until traced by 
Newton up to this their origin, had ranked among the most 
inscrutable arcana of astronomy, as w<?ll ns among its grandest 
phenoiricna. 

(231.) Of its more obvious consequences, we may here 
mention one which falls naturally within our present sub- 
ject. If the earth really revolve on its axis, this rotation 
must generate a centinfugal force (see art. 225.), the effect of 
which must of course be to counteract a certain [)ortion of 
the weight of every body situated at the equator, as compared 
with its weight at the poles, or in any intermediate latitudes. 
Now, this is fully confirmed by experience. There is ac- 
tually ol>served to exist a diftbrence in the graxritij^ or down- 
ward tendency, of one and the same body, when conveyed 
successively to stations in dilFeient latitudes. Experiments 
made wdth the greatest care, and in every access! l)le part ot 
the globe, havc*fnlly demonstrated the fact of a regular and 
progressive Increase in the weights of bodies corresponding to 
the increase of latitude, and fixed its amount and the law of 
its progression. From these it appears, that the extreme 
amount of this variation of gravity, or the difference between 
the equatorial and polar weights of one and the same mass of 
matter, is 1 part in 194 of its whole weight, the j ate of in- 
crease in travelling from tlie equator to the pole being as the 
square of the sine of the latitude, 

(232.) The reiider will here naturally inquire, what is rneani 
by speaking of the same body as having different weights at 
different stations; and, how such a fact, if true, can he a:.v. 

I. 
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ccrtijuned. When wc weigh a body by a balance or a atecl* 
yard we do but counteract ita weight by the equal weight of 
another body under the very same circumstances ; and if br)th 
the body weighed and ita counterpoise be. removed to another 
station, their gravity, if changed at all, will be changed 
equally, so that they will still continue to counterbalance 
each other. A difference in the intensity of gravity could, 
therefore, never be detected by these means ; nor is it in this 
sense that wc assert that a body weighing 194 pounds at the 
equator will weigh 195 at the pole. If counterbalanced in a 
8(^ale or steelyard at the former station, an additional jjound 
placed in one or other scale at the latter would inevitably 
sink the beam. 

(233.) The meaning of the proposition may be thus ex- 
plained : — Conceive a weight x suspended at the equator by 
a string without weight passing over a 
pulley, A, and conducted (supposing 
such a thing possible) ov(‘r other |)nl 
leys, such as B, round the earth’s con- 
vexity, till the other end bung down 
at the pole, and there sustained the 
weight y. If, then, tlie weights x and 
y were such as, at any one station, 
equatorial or polar, would exactly counterpoise each other on 
a balance, or when suspended side by side over a single 
jnillcy, they wouhi not counterbalance each other in this 
supposed situation, but tlie polar weight y would prepon- 
derate ; and to restore tlie equipoise the weight ;r must be 
increased by j g^th part of its quantity. 

(234.) I'he means by whiclj tliis variation of gravity may 
be shown to exist, and its amount measured, are twofold (like 
all estimations of mechanical power), statical .and dynamical. 
'I'he former consists in putting the gravity of a weight in 
equilibrium, not with that of another weight, but with a 
natnnil power of a different kind not liable to be affected by 
local situa tion. .Sncli a power is I he elastic force of a spring. 
Let A lit [ic a strong srq*>j>ort of brass stamling on the foot 
A E D cast in one piece with it, into which is let a smootli 




TARTATION OF TERRKftTRlAL GRAVITY* 


IVi 


plate of agate, D, whidi can be adjusted to perfect hovlzon- 
tality by a level. At 0 let a spiral spring G be attached, 
which carries at its lower end a weight F, 
polished and convex below. The length 
and strength of the spring must be so 
adjusted tha.t the weight F shall be sus- 
tained by it just to swing clear of contact 
witli tlic agate plate in the highest lati- 
tncle at which it is intended to use the 
instrument. Then, if small \veights be 
added cautiously, it may be made to de- 
scend till it Jus f (jrazes the agate, a con- 
tact wliich can be made witli the utmost 
imaginable delicacy. Let tlicse weights 
})e noted; the weight F <letachcd; the 
spring ( i carefully lifted off its hook, and 
secured, for travelling, from rust, strain, or disturbance, and 
the whole apparatus conveyed to a station in a lower latitude. 
It w^ill then be found, on remounting it, that, although loaded 
with the same additional weights as before, the w'eight h' will no 
longer have poiver enough to stretch the sjiring to tlie extent 
re(juired for producing a similar contact. More weights will 
require to be added; and the additional quantity necessary 
will, it is evident, meiisure the difference of gravity between 
tiie two stations, as exerted on the whole quantity of pendent 
matter, c. the sum of tlie weight of F and that of the 
sj)iral spring itself. Granting; that a spiral s|)ring can be con- 
structed of such strengtiv an<l dimensions tliat a weig:ht of 
H),()()0 grains, including its owni, shall |»roduce an elongation 
ot‘ 10 inches without permanently straining it"^, one additional 
grain will produce a further extension of th of an inejj, 
a quantity which cannot possibly be mistaken in such a con- 
t?u5t as that in question. Thus we shoidd be provided witli 

* Whether the process above described coukl ever be so far perfected and re- 
thu d as to become a substitute for the use of the jietidulum must depeijd on tije 
de cree of permunenoe and uniformity of action of spririf^, on the constancy or va- 
riability of the cdect of temperature on their elastic force, on the posslbili<y ol iiar»s- 
perthijr them, absolutely unaltered^ from place to place, T'be groat advantages, 
however, which such an apparatus and inode of observation would possess, io 
point of convenience, cheapness, portability, rind expedition, over tlie present 
)al)'n ioiis, t(. dious, and cvpcnclve procc'v, reiu?er the attempt well worth rnrtkiiig. 
[.'See Note li. ; 
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the means of measuring the power of gravity at any station 
to within whole quantity* 

(235.) The other, or dynamical pro/cess, by which the force 
urging any given weight to the earth may be determined, 
consists in ascertaining the velocity imparted by it to the 
weight when suffered to fall freely in a given time, as one 
second. This velocity cannot, indeed, be directly measured ; 
but indirectly, ilic principles of mechanics furnish an esisy 
and certain means of deducing it, and, consequently, the in- 
tensity of gravity, by observing the oscillations of a pendulum. 
It is proved from mechanical principles *, that, if one and the 
same pendulum be made to oscillate at different stations, or 
under the influence of different forces, and the numbers of oscil- 
lations made in the same time in each case be counted, the inten- 
sities of the forces will l)e to. each other as the squares of tlie 
numbers of oscillations made, and thus their proportion becomes 
known. For instance, it is found that, under the equator, a 
pendulum of a certain form and length makes 86,400 vibrations 
in a mean solar day ; and that, w hen transported to Iwondon, 
the same pendulum makes 86,535 vibrations in the same tiuu*. 
Hence we conclude, that the intensity of the lorce urging the 
pendulum downwards at tlie etjuator is to that at London as 
(86,400)' to (86,535)^, or as 1 to 1*00315; or, in other 
words, that a mass of matter weighing in London 100,000 
pounds, exerts the same pressure on the ground, or the sajrie 
effort to crush a body placed below it, that 100,315 of the 
same pounds transported to the equator would exert there. 

(236.) Experiments of this kind have been made, as above 
stated, with the utmost care and minutest precaution to en- 
sure exactness in all acccvssible latitudes ; and their general 
and final result has been, to give for the fraction express^ 
ing the difference of gravity at the equator and poles. Now, 
it wdll not fail to be noticed by the reader, and will, proba- 
bly, occur to him as an objection against the explanation here 
given of the fact by the earth’s rotation, that this differs 
materially from the fraction expressing the centrifugal 
force at the equator, ^fhe difference by which the former 
fraction exceeds the latter is a small quantity in itself, 


* Newt«)n’s IViticipia, iL l^rnp. -J-i, Cor. .‘j. 
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but still far too large, compared with the others in question, 
not to be distinctly accounted for, and not to prove fatal to 
this explanation if it will not render a strict account of it. 

(237.) The mode in which this ditiereiice, arises aftbrds a 
curious and instructive example of the indirect, influence 
which mechanical causes often exercise, and of which astro- 
nomy furnishes innumerable instances. I'he rotation of the 
earth gives rise to the centrifugal force ; the centrifugal force 
produces an ellipticity in the forai of the earth itself; and 
this very ellipticity of form modifies its power of atiniction 
on bodies placed at its surfVice, and thus gives rise to the dit- 
ference in question. Here, then, we liave the same cause 
exercising at once a direct and an indirect influence. The 
amount of the former is easily calculated, that of the latter 
with far more difficulty, by an intricate and profound appli- 
cation of geometry, whose stejis w e caiuiot {)retend to trace 
in a work like the present, and can only state its nature and 
result 

(238.) The weight of a body (considered as undiininislied 
by a centrifugal force) is the eif’ect of the earth’s attraction on 
it. This attraction, as Newton has demonstrated, consists, 
not in a tendency of all matter to any one particular centre, 
but in a disjiosition of every parti(‘lc of matter in the universe 
to press towards, and if not op})osed to approach to, every 
other. The attraction of the earth, then, on a body placed 
on its surface, is not a simple but a conqjlex force, resulting 
from the separate attractions of all its parts. JVow’, it is 
evident, that if the earth were a perfect sphere, tlie attraction 
exerted by it on a body any where placed on its surface, 
whether at its equator or pole, must be exactly alike, — for 
the simple reason of the exact symmetry of tlie s[)herc in 
every direction. It is not less evident that, the earth being 
elliptical, and this symmetry or similitude of all its parhs not 
existing, the same result cannot be expected. A body placed 
at the equator, and a similar one at the j>ole of a flattened 
ellipsoid, stand in a different geometrical relation to the mass 
as a wliolc. Tins difference, without entering further into 
particulars, may bo expected to draw with it a diff'ereuce in 
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its forces of attraction on the two bodies. Calculation cou- 
firms this idea. It is a question of purely mathematical in- 
vestigation, and has been treated with perfect clearness and 
precision by Newton, Maclaurin, Clairaut, and many other 
eminent geometers ; and the result of their inveistigations is 
to show that, owing to tlie elliptic form of tlie earth alone, 
and iiidepeiuleiit of the centrifugal force, its attraction ought 
to increase the weight of a body in going from the equatoi* to 
the pole by almost exactly 3 ^<j-j^fth part; wliicli, together with 
j^^th due. to the centrifugal force, make uj> the whole 
quantity, yg jth, ol)S(M’ved. 

(239.) Am^thcr great geographical plienomeuon, which 
owes Its existence to the earth’s rotation, is tliat of the trade- 
winds. ' I’hese mighty currents in our atmosphere, on wliicli 
so important a part of navigation (lei)ends, arise from, 1st, 
the unequal exposure of the earth’s surra(‘.e to the sun’s rays, 
by which it is unequally heated in different latitudes ; and, 
2d!y, from that general law in the constitution of all fluids, in 
vii'tue of winch they oceiipy a larger bulk, and become spe- 
eifically lighter when hot than when cold. These causes, 
combined with the earth’s rotation from west to east, afford an 
easy and satisfactory explanation c/ the magnificent plieno' 
rnena in question. 

(240.) It is a matter of observecr fact, of which we sladl 
give the explanation fiirther on, that tlie sun is constantly 
vertical over some one or other part of tlie earth between 
two parallels of latitude, called the tropics, respectively 23^"^ 
north, and as much south of the equator; and tliat the whole 
of that zone or belt of the eartli’s surface included between 
the tropics, and equally divided by the equator, is, in con- 
sequence of the great altitude attained by the sun in its 
diurnal course, maintained at a much higher temperature than 
those regions to the north and south wliieh lie nearer the 
poles.* Now, the heat thus acquired by the eartlvs surface 

^ First distinctly delivered by fladley, thoiigh often erroneously attributed 
to Edmund Halley, whose theory of the trade winds is altogether erroneou.-. 
(See Dove, Meteorol. Untersuehungen, y 2:17. ) 
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IS communicated to the incumbent air, which is theyeby 
expanded, and rendered specifically lighter timn tlie air iii- 
cuinbent on the rest of the globe. It is therefore, in obedience 
to the general laws of hydrostatics, displaced and buoyed np 
from the surface, and its place occupied by colder, and there- 
fore heavier air, wliich glides in, on both sides, idong the 
-surface, from the regions beyond the tropics ; wliile the dis 
placed air, thus raised above its due level, and unsiistaliied by 
any lateral pressure, flows over, as it were, and forms an nppen* 
current in tlie contrary direction, or towards the poles; which, 
being cooled in its course, and also sucked down to supply the 
(It licieuciv In the extra«tropical regions, keeps up thus a 
continual circulation. That this is a real cause (vera causa) 
is placed in complete evidence by the general fact that the 
a.tnn>s]>lieric pressure at the surfae<*. of tlie sea diminishes 
regularly fjoni either tn^pic to the equator, where the baro- 
nutter stands Ijalntimlly a n>ut lower than in the teiu- 

j)cratc zones. 

(241.) Since the oartli revolves about an axis j)assijjg 
through the poles, the equatorial pijrtion of its surface has 
tlie greatest velocity of rotation, and all otlier [larts less in 
the ]>roportlon of the radii of the circles of latitude to which 
they correspond. But as the air, when relatively and ap* 
parently at rest on any part of the earth’s surtace, is only so 
because in reality it participates in the motion of rotation 
jiroper to that part, it follows that when a mass of air lu^ar 
the poles is transferred to the region near the e<i aa,tor by any 
impulse urging it directly towards that circle, in every p)oiiit 
of its progress towards its new .situation It must be found 
deficient in rotatory velocity, and therefore unable to keep 
up with the speed of the new surlaee over which it is brought. 
Hence, the currents of air which set in towards the equator 
from the north and south must, as they glide along the sur- 
face, at the same time lag, or hang back, and drag upon it in 
the direction opposite to the earth’s rotation, L e. from east to 
west. Thus these currents, which but for the rotation would 
be simply northerly and southerly winds, acquire, from this 
cause, a relative direction towards the west, and assume the 
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character of pennaiient north-easterly and south-easterly 
winds. 

(242.) Were any considerable mass of air to be suddenly 
transferred fron\ beyond the tropics to the equator, the dif- 
ference of the rotatory velocities proper to the two situations 
would be so great as to produce not merely a wind, but a 
tempest of the most destructive violence. But this is not 
the case : the advance of the air from the north and south is 
gradual, and all the while the earth is continually acting on, 
and by the friction of its surtat'.e accelerating its rotatory 
velocity. Supposing its progress towards the equator to cease 
at any point, this cause would almost immediately commu- 
nicate to it the deficient motion of rotation, after which it 
would revolve quietly with the earth, and be at relative rest. 
We have only to call to mind the comparative thinness of the 
coating which the atmosphere fonns around the globe (art. 
35.), and the Imniense mass of the latter, compared with tlie 
former (which it exceeds at least 1,200,000 times), to aj)- 
pretiate fully the influence of any extensive territory of the 
earth over the atmosphere immediately incumbent on it, in 
destroying any impulse once given to it, and which is not 
Conti a ua lly re n owed . 

(243.) It follows from this, tlien, that as the winds on 
both sides approach the equator, their easterly tendency must 
diminish.* Tiie lengths of the diurnal circles increase very 
slowly in the immediate vicinity of the equator, and for 
Bcveral degrees on cither side of it hardly ,, change at all. 
Thus the friction of the surface has more time to act in ac- 
celerating the velocity of the air, bringing it towards a state 
of relative rest, and diminishing thereby the relative set of 
the currents from east to west, which, on the other hand, is 
feebly, and, at length, not at all, reinforced by the cause Avhich 
originally produced it. Arrived, then, at the equator, the 
trades must be expected to lose their easterly character alto- 
gether. But nut only this, but the northern and southern 

* See Captain Hall’s “ Fragments of Voyages anti 1 ravels.” 2iul series, voK i.. 
p. 162.. where this is very distinctly, auil. su tur as I am aware for the iirtt 
lime, reasoned out. 



TRADE W1KD8- 


153 


cuiTeuts here meeting^ and opposing, will mutually d<^stroy 
each other, leaving only such preponderancy as may be due 
to a difference of local causes acting in the two hemispheres 
— ^which in some regions around the equator may lie one 
way, in some another. 

(244.) The result, then, must be tlie production of two 
great tropical belts, in the northern of which a constant 
north-easterly, and in the southern a south-easterly, wind 
must prevail, while the winds in the equatorial belt, which 
separates the two former, should be comparatively calm and 
free from any steady prevalence of easterly character. All 
these consequences are agreeable to observed fact, and the 
system of aerial currents above described constitutes in 
reality what is understood by the regular trarJe wiruh. 

(245.) The constant friction tlius produced between the 
earth and atmosphere in tlie regions near the equator must 
( it may be objected) by degrees rcihice and at length destroy 
tlie rotation of the whole mass. The laws of dyiiainics, how- 
ever, render such a consequence, generally. Impossible ; and 
it is easy to see, in the present case, where and liow the com- 
pensation takes place. Tlie heated equatorial air, while it 
rises and flows over towards the poles, carries with it the 
rotatory velocity due to its equatorial situation into a higher 
latitude, where the earth’s surhice has less motion. Hence, 
as it travels nortliward or southward, it will gain continually 
more and more on tlie surface of the earth in its diurnal 
motion, and *assume constantly more and more a westerly 
relative direction ; and when at length it returns to the 
surface, in its circulation, which it must do more or less in 
all the interval between the tropics and the poles, it will act 
on it by its friction as a powerful south-west wind in the 
northern hemisphere, and a north-west in the southern, and 
restore to it the impulse taken up from it at the equator. 
We have here the origin of the south-west and westerly 
gales so prevalent in our latitudes, and of the almost uni- 
versal westerly winds in the North Atlantic, which arc, ii; 
fact, nothing else tiian a part of the general system ot* the 
re-action of the tra<ies, and of the ])rocess by whicli the cquili • 
liriuiu of the earth s motion is maintained uiider iheir n.<-tinn, 
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(245 a.) If in any region of the earth^s surface, where the 
latitude is considerable, and where, in consequence the cir- 
cumferences of the diurnal circles described by points on the 
same meridian a, few degrees asunder differ considerably, an 
impulse (frpm whatever cause arising) from the pole towards 
the equator be cominunicated to a portion of the atmosjdierc 
covering several square degrees; an observer situated on the 
equatorial limit of the area so disturbed will, in the first in- 
stant of tlie disturbance, exp(‘rience a wind blowing directhj 
from the 'pole^ L c., a north wind in the nortlierji hemisphere 
and a south in the soutberii. To fix our idcais, suppose him 
situate in north latitude and beyond the tropic. The air 
wliich reaches him in the lirst instant, arising from a plac(‘ 
in his immediate vicinity, has the same diurnal rotatory 
velocitv with liimsclf, and will therefore liave no relative 
iiiovement westward. But the southward movement of the 
whole mass of air continuing, the wind which suhvsequently 
rcaclufs his station ai'rivirig from latitudes continually more 
and more north, and therel'ore setting out Avlth a rotatory 
velocity continually more and more inferior to that of the 
observer, will lag morci and more behind the easterly motion 
of the cartli’s suriace at his station, and will therefore beeomc, 
relatively to him, more and more of an east wind. In other 
wujrds, a wind commencing to blow from tlie north will not 
continue long to do so, but will •* draw towards the east,” 
veering gradually round to N.N.E. and N.E. : vice verm if 
the impulse of the mass of air bo from south to north. The 
first impression on the observer will be tlnit of a south wind, 
which in the progress of time will veer round through S.S. W. 
to S.W., and so rmdatU mutandis in the other hemisphere ; 
and thus arises a general tendency of the wind in extra-tropi- 
cal latitudes to veer in a fixed direction, or to follow the 
sun,” which meteorological observation very decisively con- 
firms as a matter of fact, and is therefore pro tanto a proof of 
the reality of the assigned cause.* 

(245 b.) It is, however, in these tremendous vialtatlono 


* See Article Metnorology^ Encyc. Brit. ^ 70« 
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cjilled hurricaiiei:*/’ whicli sweep across land and sea with a 
devastating power exceeded only by the earthquake, that we 
find the most striking verification of the principle above 
stated. Suj)pose tliat in any locality in the northern hemi- 
Bphere some considerable portion of the surface, wlietlier of 
sea or land, should become so much moi*e heated by the sun\s 
rays tlian that surrounding it, as to determine an upward 
movement in the air above it In the nature of an ascending 
column, thereby giving rise to a diminished barometric pres- 
sure, and as a necessary consequence to an indrauglit of air 
from all quarters towards the heated area. Tliose portions 
which arrive Irom the east and w^est, participating in tln^ 
entire diurnal movement corresponding to the latitude, will 
simply meet and be hurried npwanls, without any tendency 
to gyrate round a centtu'. Hut the portions wdiicli avrivi' 
Irom the northward will all veacli tlie lieated region or its 
immediate confines with a modified power. Those wdileh 
come from the north-easterly quadrant will Iiave their W('s- 
lerly force increased, and those from the north-west (piadrant, 
tiieir easterly-force diminished, so that in arriving from tlie 
nortlnvard, the general current setting to the heated region 
will have assumed a tendency irom cast to west, and in avriv-' 
ing from tlie soutlnvard from west to east, and these portions 
being drawn up together into the ascending column, will 
necessarily assume a rotation round its general axis in tlio 
direction N.W.S. E.*, wdiereas, were tlie earth at rest, the air 
c;oini)ig in from all f quarters wdth equal force, each particle 
ivould make direct for the center, and simply lie thrown u[> 
vertically without any gyration. 

(245 e.) The rotation thus given to the ascending column 
in the northern hemisphere is in a direction contrary to that 
of the htinds of a w atch face upAvards, Avhicli we may term 
retrograde. And by a similar reasoning, in the southern it 
w ill be seen that a contrary, or direct rotation ought to aidse 
from the operation of the same causes. It is, irioreoAer, 
obvious, that the energy of the A'ortex so produced must hi\ 
ccEteris paribus^ proportional to that of its efficient r atiscs. In 

* iSer Encyclop. Brit., Mrtcorolooy,^ 7rJ., for the comj’ii tc n;a‘<un n-; ot tluN 
prut css. 
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high latitudes there is a deficiency of solar licat to produce a 
powerful ascensional current* On and about the equator, on 
the other hand, though heat be abundant, the other eflficient 
cause, viz* a considerable difference of diurnal rotatory velo- 
city, is absent. Such movements, therefore, cannot exist on 
the equator, and their intensity wdll chiefly be confined to 
regions in moderate hititudes, 

(245 rf.) Now every one of these particulars is in exa<4 
conforniity with the history of those hurricanes, or cyclones, 
as they have been called, from their revolving characttn*, 
which infest the Atlantic along the euvst coasts of the United 
States and the West Indies, the Indian Ocean, and (undei* 
the name of typhoons) the China seas. Their extent and 
violence are irighttul ; their rotation in the same hemisphere 
is invariably the savne, and in each, tliat wliicli tlieory in- 
dicates ; and llun are uiterly wanting on tlic (equator. Tliis 
grand result, the establislunent of wliich we owe to tlie 
labours of Mr. Kodfleld, Sir W. Reid, and Mr. Piddingtoit, 
forms a capital feature in the array of evidence by whicli 
the rotation of the eartli, as a physical fact, is demonstrated. 

(245 <?.) Another class of phicnomcna, inexplicable except 
oil the hyjiothesis of the earth’s rotation on its axis, but 
flowing easily and naturally from the admission of that 
j)rlnciple, has, within a few years from tlie present time, 
been brought under our lnspc<^tIou by M. Foucault. If a 
heavy mass of metal (a globe of lead, for example) be sus- 
pended by a lojig wire from a solid and perfectly fixed sup- 
port, over the center of a plane table of a clrenlar form, 
and, being drawn aside from the i)erpendicular (suppose 
in the direction of tlie meridian), be then allowed to os- 
cillate, taking extreme care to avoid giving it any lateral 
motion (whicli may be accomplished by drawing it aside by 
a fine thread, and, wdien quite at rest, burning oft* the 
thread), it will of course commence its oscillations in the 
plane of the meridian. But Avlien watched attentively, 
marking on the table the points of its circumference, from 
time to time, opposite to its points of extreme excursion, 
it will in a low minutes be seen to have (apjiarently) shifted 
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its plane of motion; the nortliern extremity of its excursions 
to and fro having invariably gone round in azimuth towards 
the east^ and the southern towards the locst (supposing the 
experiment made in the northern hemispherje — vice versa in 
the southern). Although in a few oscillations tjie deviation 
is too small to be readily perceived, it at length becomes 
apparent that the path traced on tlie table by the projection 
of the center of the globe, Instead of being a rigorous straiglit 
line, as it must be according to the laws of dynamics, were 
the table at rest, is, in reality, a looped curve of tlie form 
here shown (^jfig> a,) (the intervals of the loops being much 

Fiff. a. 

N 


E 


s 

exaggerated); all of them passing through the center of the 
table. 

(245JI) It is evident that such a motion is quite different 
from that which a small lateral motion accidentally coni'- 
raunicated to the pendulous body would produce. The 
effect of such an impulse would be to make the central 
mass describe a series of elongated ovals, a hind of elliptic 
spiral, the convolutions of which would pass, not through^ 
but round the center, as here represented (fig^ b )\ and that 
indifferently in one direction or the other, according to the 
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accident of the lateral impulse. On the other hand, tiie 
ohserved effect is precisely such as would take place, sup- 


Fig, 5. 



[>osing the plane of oscillation to remain Invariable, and the 
table to revolve beneath it in its own plane in a contrary 
direction (froiii north to west), with an angular motion duly 
adjusted, Su|)i)Osino; the oscillating ball to leave a trace on 
tlie table so turning, tluit trace would evidently be such a 
one as descri])ed in tlie pretteding arti<de ; and if we admit 
the rotation of the earth, it is a fact tliat the table, tbough 
unpert?eived by us, does so turn. It is not transicrrefl by 
the earth’s rotation bodily to the eastward by a parallel 
movement of all its parts. Tlie soutliern extremity of its 
meridional diameter S is carried in a given time (suppose one 
minute) more to the eastward than the northern ; so that 
it has virtually rotated in its own jdane through an angle 
corresponding to tlie difference of these two movements oi' 
transference. 

{245 ff,) This difference is a maximum at the pole (where 
it is obvious that the table turns entirely in its own plane, as 
the earth’s surface there does); and it is nil at the equator, 
where, in coiisec{uen(*e, the experiment would be made in 
vain (the entire rotation of the table there being in a plane, 
pcrpendicnlar to its own); ami generally the ctfect will be 
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more strikingly developed in high than in low latitudes. To 
show this more clearly, suppose P the north pole, C the center 


of the earth, CPQdts axis pro- 
longed, A B two successive posi- 
tions of the table at an interval of 
one minute of time, during which 
the meridian A P lias rotated 
througli an angle of 0"^ 15' round 
P to the position B P. riie plane 
of the table, being a tangent to the 
earth’s surface, will, if produced 
(wliether it be at A or B), meet the 
axis at Q, the vertex of a cone Jiav- 
ing for its base the diurnal circle of 
tlu’: place of observation. During 
the small interval in question, the 
portion AQBof this conical surface may be regarded as 
plane, and the motion of the table will be the same as if it 
formed a })art of that plane, and revolved round a pivot at 
Q, the meridional diameter a a being transferred into the 
])ositioii hh^ making with aa\m angle equal to A B. Kow 
tlris angle at the equator is wz7, the summit of tlic cone being 
tlicvc iniinit(dy remote; whereas, on the pole it is identical 
with the s])hcrieal angle A PB, the table tliere rotating about 
its own center. 

(245 //.) The gyroscope is an instrument devised by M. 
Foucault to exhibit the same sort of ciicet in another inari- 
iicr. It defiendwS on the very obvious jirinciple that a body 
revolving round one of its axes of jiermanent rotation, 
and free from any disturbing attachment to siirrounding 
objects, will preserve its plane of rotatiiin unaltered. Imagiiu? 
a metallic disc, thin in the center but very tliick at the cir- 
cumferenee so as to present in section tlie figure A B, to be 
fixed on an axis C D, perpendicular to its plane Avliich turns 
in pivot-holes C I), on opposite ends of the diameter of a 
ring of metal, whicli is itself provided with exterior pivots ou 
the extremities of a diameter at right angles to the former, 
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and let these rest in pivot holes E F, at the lower ends of #i 
semicircular metallic arc E G F, supported from its middle 
G by a torsionless suspension, such as may be formed by 
attaching a thread to a hook at the lower end of a steel arm, 
terminating in an inverted conical point resting in a polished 
agate cup as at H* The whole of this a|>paratas is to be 
executed with extreme delicacy, and with every precantiou 
to secure perfect equilibrium and freedom from friction in 
the pivots. Suppose now tliat by some sufficient mechanical 
means an exceedingly rapid rotation is communicated to the 
disc which is then abandoned to itself. It Is evident then, 
Ist, that it may be set in rotation originally in any given plane, 
and 2ndiy, that however that initial phvne be situated, it will 
thenceforward continue to rotate in that plane, since the 
mode of suspension is such as to exercise no control over it. 
In that respect. If the disc be heavy, the initial rotation 
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very rapid (and especlalljy if suspended in vacuo) the motion 
^vili 1)(^ kept up for :i considerable time — quite long enough 
TO exhibit the phaDiiomenh due to the earth’s rotation. 

( 245 i.) There being no action exerted by cither tlie pivots 
or the suspension which can affect the plane of rotation, this 
w ill necessarily continue unchanged, so that the axis C D 
about which it spins will remain parallel^ to itself, however 
the point of suspension may be varied in place by bodily 
transfer of the wdiole apparatus, or in relative 'position by 
change in tlie absolute direction of gravity consequent on 
tiie earth’s diurnal rotation. Suj)|H)se then the axis C I) to 
|)oint at any instant to a given fixed star, then if the earth 
were at rest and the diurnal movement of the starry lieavens 
real, it could not continue so to point, since the star would 
move away out of its line of dlree^tion, and would appear to 
leave it beliind. The contrary however is the case. The 
axis of the disc continues to point to the star so long as the 
disc itself continues to revolve, and, could its rotation be kept 
u[> for twenty-four hours, w^ould doubtless continue to follow^ 
it through its whole diurnal circle both above and below the 
horizon, affording thus a clear ocular demonstration of the 
earth’s rotation, since if a Hue, of wdiose fixity of direction 
we are a priori sure, appear to vary in position with respetit 
to the visible horizon and sr^TOiinding objects it cannot be 
hut tliat that horizon and those terrestrial pointvS of reference 
have, themselves, shifted in position by a corresponding oppo- 
site movement. * 

(245j.) If the conditions of suspension be such as to limit 
the axis of rotation of the disc to a plane holding a deter- 
minate position with respect to the horizon, as, for instance, 
that of the horizon itself, or of the meridian of the place, its 
Juovements are in conformity with what the {)rinciple of dy- 
namics indicate as the result of a composition of the free 
rotation of tlie disc and that of the earth so partially com- 
inuiiicated to it. We shall not however pursue the subject 
into these details. The student will find them lucidly ex- 
plained by Professor Powell, in the monthly notices of the 

M 



162 OUTLINES OF ASTRONOMY.. 

Astronomical Society for April, 1855. The mechanical fact 
on which the whole theory turns (the powerful resistance 
opposed by a rapidly revolving heavy body to a change of 
position in its axis of rotation) may be brought under the 
evidence^ of the senses by the following simple and elegant 
experiment. Let any one detach an 18-jnch terrestrial 
globe from its wooden frame, and, holding it by the brass 
meridian Avith the plane of that circle horizontal, let a rapid 
rotation be given to the globe by an assistant. So long as 
no attempt is made to alter the position of the axis, the only 
sensation experienced by the holder will be the effort of sus- 
taining the Aveight of the globe, just as if it Avere at rest. 
Hut so soon as he attempts to shift tlie direction of the axis, 
whether in a horizontal, a vertical, or any other plane, he 
Avill at once become aAAaro of a resistance in the revolving 
globe to such a change, quite different from the simple in- 
ertia of a globe at rest — a kind of internal struggle — an 
effort to tAvist the globe in his hands, as if some animal wer(' 
inclosed Avithin its holIoAV, or as if it were no longer equally 
balanced on its center. If he endeavour to roll the globe on 
its brass meridian in a right line along the floor (wlvich Avitli 
a non-rotating globe Avould be easy) he Avili And it im|)racti- 
cable Avithout perpetually and forcibly interfering, not mert;I y 
to keep the meridian upright but to prevent its runniug out 
of the right line. Suppose, for instance, the brass meridian 
to be vertical and its plane coincident Avith tliat of the tnu; 
ineridian, the axis horizontal, and the globe, to rotate in the 
direction in AAdiich the heavens appear to revolve, 2. e.from the 
east upwards; to the west doimmmrdsy and let him attempt to 
roll it (lightly hehl by the finger and thumb by the highest 
point of the circle) in a northerly direction. He will find it 
run round to the eastward, causing the jilane of the brass 
meridian to shift in azimuth in a direction similar to that 
of the hands of a watch, and vice versa if he try to make it 
roll southwards. That end of the axis Avhich rises appears 
to be swept along with the revolving motion of the globe aa 
seen from aboA^e. 
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(^240.) In order to construct a map or txiodel of the cavtii, 
and obtain a knowledge of the distribution of sea and land 
over its surfice> the forins of the outlines of its continents 
and islands, the courses of its rivers and mountain chains, 
and the relative situations, with respect to each, other, of 
those points whhdi chiefly interest us, as centres of human 
habitation, or from other causes, it is necessary to possess the 
means of determining correctly the situation of any proposed 
station on its surface. For this two elements require to be 
known, the latitude and longitude, the former assigning its 
distance from the poles or tlie equator, tlie latter, the rne- 
3-ldian on which that distance is to be reckoned. To these, 
in strictness, slioiibl be added, its height above the sea level ; 
but the consideration of this had bcttcir be deferred, to avoid 
complicating tlic sul>ject, 

(247.) 'Tue latitude of a station on a sphere would be 
nierely the length of an arc of the meridian, intercepted 
uetween the station and the nearest point of the equator, 
reduced into degrees. (See art. 88.) But as tlie earth is 
elliptic, tills mode of conceiving latitudes liecoines inapplicable, 
nod we are compelled to resort for our definition of latitude 
to a generalization of that property (art. 119.), which affords 
the readiest means of determining it by observation, and 
which has the advantage of being independent of the figure 
of the earth, which, after all, is not exactly an ellipsoid, or 
any known geometrical solid. Tlie latitude of a station, then, 
is tlie altitude tlie elevated ])ole, and is, therefore, astro- 
noinleally determined by tliose methods already cxjikiined (or 
ascertaining that important element. In consequeiire, it will 
be reineiubered that, to make a perfect ly correct ina{) ot‘ the 
whole, or any part of the earth’s surfece, equal diflercnces of 
latitude arc not represented by exactly equal intervals of 
surface, 

(248.) For the purposes of gcodesical* measurements and 
‘trigonometrical surveys, an exceedingly correct determination 
of the latitudes of the most impoi'tiint stations is required. 


** r**!, iVifl* i*arth ; 5Vtn< (froni to iMnd), :i joining connexion (of 
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Fo.r this purpose, therefore, the zcnltli sector (an Instrument 
capable of jji'eat precision) is most coininonly used to observe 
stars passing the meridian near the zenith, -whose declinations 
have become known by previous long series of observations at 
fixed observatories, and which are therefore called standard or 
fundamental stars. Eecently a method* has been employed 
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With great success, which consists in the use of an instrument 
similar in every respect to the transit instrument, but having 
the [>lane of motion of the telescope not coincident with tlie 
meridian, but witli the prime vertical, so that its axis of 
rotation prolonged passes through the north cind south points 
of the horizon. Let A B C I) be the celestial hemisphere 
projected on the horizon, P the pole, Z the zenith, A i> the 
meridian, C D the prime vertical, QHS part of the diurnal 
circle of a star passing near the zenith, whose polar distance 
Pit is but little greater than the co-latitude of the place, or 
the arc P Z, between the zenith and pole (art. 112.). Then 
the moments of this star’s arrival on the prime vertical at Q 
and S will, if the instrument be correctly adjusted, be those 
of its crossing the middle wire in the field of view of the 

* Devised originally by Homer. Revived or re-invented by Bessel — As£r 
Narhr. No. ‘ 40 . 
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telescope (art. 160.). Consequently the interval between 
these moments will be the time of the star passing from Q 
to S5 or the measure of’ the diurnal arc QK S, whicrli corre- 
sponds to the angle Q P S at the pole. This angle, there- 
fore, becomes known by the mere ohservatum of an interval of 
Ume^ in which it is not even necessary to know the error of 
the clock, and in which^ when the star passes near the zenith, 
BO that the Int^n-val in question is small, even the rate of tlic 
clock, or its gain or loss on true sidereal time, may be 
neglected. Now the angle Q P S, or its half Q P R, and 
P Q tlie polar distance of the star, being known, P Z tlie 
zenith distance of the pole can be calculated by the resolution 
of the right-angled s[>herical triangle P Z Q, and thus the 
co-latitude (and of course the latitude) of the place of obser- 
%ation becomes known. The advantages gained by this mode 
of oliservatioii are, 1st, tliat no readings of a divid<xl arc are 
needed, so tliat errors of graduation and reading arc avoided : 
2dly, that the are Q R S is very iniicli greater than its versed 
sine R Z, so that the diflerence R Z between the latitude of 
ilie |)lacc and the declination of the star is given by the 
oltBcrvatioii of a magnitude very much greater than itself, or 
is, as It were, observed on a greatly enlarged scale. In con- 
sequence, a very minute error is entailed on RZ by the 
commission of even a considerable one in Q R S : 3dly, that 
in tins mode of observation all the merely Instrumental errors 
wliicli affect the ordinary use of the transit Instrument are 
eitlier uninfluential or eliminated by simply reversing the 
axis. 

(249.) To determine the latitude of a station, then, Is easy. 
It is otlierwlse with its longitude, whose exact determination 
ivS a matter of more difficulty. The reason is this; — as there 
are no meridians marked upon the earth, any more tlian 
parallels of latitude, we are obliged in this case, as in the 
case of the latitude, to resort to marks external to the earth, 
i- e, to the heavenly bodies, for the objects of our measure- 
ment ; but with this difference in the two cases — to observers 
situated at stations on the same meridian (f. c. differing in 
latitude) the licavens present different aspects at all moments. 
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The portions of them whuth become visible in a complete 
cliurnal rotation are not the same, and stars whicli arc common 
to both describe circles differently inclined to their horizons, 
and differently divided by them, and attain different altitudes. 
On the other hand, to observers situated on the same parallel 
(/. e. differing only in longitude) the heavens present the same 
aspects. Tlieir visible portions are the same ; and tlie same 
stars describe circles equally inclined, and similarly divided 
by their horizons, and attain the same altitudes. In tlie 
former case there u, in the latter there is not, any thing in 
the appearance of the heavems, watched through a whohi 
diurnal rotation, which indicates a difference of locality In the 
observer. 

(250.) But no two observers, at different points of tlu^ 
carth’wS surface, can have at the same instant the vSame celestial 
bcDiisplicre visible. Suppose, to fix our ideas, an observer 
stationed at a given point of the equator, and that at the 
moinent when lie noticed some bright star to be in his zenitli, 
and ther(‘f*ore on his meriilian, he should be suddenly trans- 
ported, in an instant of time, round one quarter of the globe 
in a westerly direction, it is evident that he will no longer 
liav e the same star vertically above him : it will now appear 
to him to bo just rising, and lie will have to wait six liours 
before it again comes to his zenith, L e. liefore the earllis 
rotation from west to east carries him hack again to the liiu* 
joining the star and the earth’s centre from which he set out, 

(251.) The diflerence of the cases, theu, neiy be thus 
stated, so as to afford a key to the astr<jnomieal solution of 
the problem of the longitude. In the case of stations differing 
only in latitude, the same star comes to the meridian at the 
same tinWy but at different altitudes. In that of stations 
differing only in longitude, it comes to the meridian at the 
same altiludcy but at different times, Sujiposing, then, that 
an observer is in possession of any means by which he can 
certainly ascertain the time of a known star’s transit, across 
his meridian, he knows his longitude; or if he knows the 
difference between its time of transit across his meridian and 
ncross that of any other station, lie knows their differernxj of 
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lo!igitiicles. For instance, if the same star pass the meridian 
of a i)lacc A at a certain moment, and that of B exactly one 
hour of sidereal time, on one twenty-fourth part of the earth’s 
diurnal period, later, then the difference of longitude between 
A and B is one hour of time or 15® of arc, and B is so 
Miuch west of A, 

(252.) In order to a perfectly clear understanding of the 
principle on which the problem of finding the longitude by 
astronomical observations is resolved, the reader must learn 
to distinguish between time, in the abstract, as common to 
the whole universe, and therefore reckoned from an epoch in- 
dependent of kn^al situation, and local tAme^ which reckons, at 
each particular place, from an epoch, or initial instant, deter- 
mined by local convenience. Of time reckoned in the foiTOcr, 
or abstract manner, we have an example in what we have 
before defined as equino(dial time, wliich dates from an epocli 
detennined by the sun’s motion among tlie stars. Of the 
latter, or local reckoning, we have instances in every sidereal 
clock in an observatory, and in every town clock for common 
use. Every astronomer regulates, or aims at regulating, his 
sidereal clock, so that it shall indicate 0^' 0®, when a cer- 

tain point in the heavens, called the equinox, is on the me- 
ridian of his station. This is the epoch of his sidereal time; 
wliich is, therefore, entirely a local reckoning. It gives no 
information to say that an event happened at such and such 
an hour of sidereal time, unless we particularize the station to 
which the sidepeal time meant appertains. Just so it is with 
mean or common time. This is also a local reckoning, having 
for its epocli mean nooUy or the average of all the times 
througliout the year, wlien the sun is on the meridian of that 
particnlar place to which it belongs ; and, therefore, in like 
manner, when we date any event by mean time, it is iieceiy- 
sary to name the place, or particularize what mean time we 
intend. On the other liand, a date by ecpiinoctial time is 
abwsolute, and requires no such explanatory addition. 

(253.) The astronomer sets and regulates his sidereal clock 
by observing the meridian passages of tlie more conspicuous 
and well-known stars. Each of these holds in the heavens a 
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certain deternvmate and known place with respect to that 
imaginary point called the equinox^ and by noting the times 
of their passage in succession by his chock he knows when the 
equinox passed. At that moment his clock ought to have 
marked 0^ 0*"^ 0®"^; and if it did not, he knows and can correct 
its error, and by the agreement or disagreement of the errors 
assigned by each star he can ascertain whether his clock is 
correctly regulated to go twenty-four hours in one diurnal 
period, and if not, can ascertain and allow for its rate. Thus, 
although liis clock may not, and indeed cannot, either be Kset 
correctly, or go truly, yet by applying its ei't'or and rate (as 
they are technically termed), he can correct its indications, 
and ascertain tlie exact sidereal times corresponding to theiii, 
and proper to his locality. This indispeiKsable opera tic»n is 
called getting his local time. For simplicity of explanation, 
however, we shall suppose the clock a jierfect instrument; or, 
which (anvievS to the same tiling, its error and rate applied at 
every moincut it is consulted, and included in its indications. 

(2o4.) Suppose, now, of two observers, at distant stations, 
A and JB, eacli, independently of the other, to set and regulata 
liis clock to the true sidereal time of his station. It is evident 
that if one of tliese clocks could be taken up without derang- 
ing its going, and set down by the side of the other, they 
would be found, on comparison, to diftcr by the exact difler- 
ence of their local epochs; that is, by the time occupied by 
the equinox, or by any star, in passing from the meridian of 
A to that of 1> ; in other words, by their diirerencc of longi- 
tude, expressed in sidereal hours, minutes, and seconds. 

(255.) A pendulum clock cannot be thus taken up and 
transjiorted from place to [)Iace without derangement, but a 
chronometer may. Suppose, then, the observer at B to use 
a chronometer instead of a clock, he may, by bodily transfer 
of tlie instrument to the other station, procure a direct com- 
parison of sidereal times, and thus obtain his longitude Irom 
A. And even if he employ a clock, yet by comparing it first 
with a good chronometer, and then transferring the latter 
instrument for comparison with the other clock, the same 
end will be accomplished, provided the going of the chro- 
nometer can be de|>eiided on. 
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y256.) Were chronoinetors perfect, nothinii: incre conjplete 
ftiid convenient tlian tins mode of ascertaining differences of 
longitude could he desiiTil. An observer, jjrovided witli such 
Jin instrument, and with a portable transit, or some equivalent 
method of determining the local time at any given station, 
might, by journeying from place to place, and observing the 
meridian passages of stars at each, (taking care not to alter 
his chronometer, or let it run down,) ascertain their dif- 
ferences of longitude with any required precision. In this 
case, the same time-keeper being used at every station, if, at 
one of them. A, it mark true sidereal time, at any other, 15, 
it will be just so much sidereal time in erx'or as the difference 
of longitudes of A and B is equivalent to: in other words, 
tlie longitude of B from A will appear as the eiror of‘ tlio 
time-keeper on the local time of B. If he travel westward, 
then his chronometer will appear continually to gain, although 
it really goes correctly. Suppose, for instance, he set out 
from A, when the equinox was on tlie meridian, or liis chrcH 
nometer at Cf', and in twenty-four liours (sid. lime) had 
travelled 15^ westward to B. At the moment of arrival there, 
las chronometer will again point to 0^'; but the equinox will 
l)e, not on his new meridian, but on that of A, and he must 
^vait one hour more for its arrival at that of B. When it 
does arrive there, then his watch will point nut to 0^ but to 
and will therefore be fast on tlie local time of 15. If 
he travel eastward, the reverse will happen, 

(257.) Suppose an observer now to set out from any 
station as above described, and constantly travelling westward 
to make the tour of the glolxe, and return to the point he set 
out from. A singular consequence will happen: he will 
have lost a day in his reckoning of time. He will enter the 
day of his arrival in his diary, as Monday, for instance, when, 
in fact, it is Tuesday, The reason Is obvious. Days and 
nights are caused by the alternate appearance of the sun and 
stars, as the rotation of the earth carries the spectator round 
to view them in succession. So many turns as he imdvcs al>- ^ 
fiolutely round the centre, so often will he pass through the 
earth's shadow, and emerge into light, and so many nights 
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and days will he experience* But if he travel once round the 
globe in the direction of its motion, lie will, on his arrival, 
liavc really made one turn mor<? roimddts centre; and if in the 
opposite direction, one turn less than if he had remained upon 
one point o^! its surface: in the former case, then, lie will have 
wit nossed one alternation of day and night more, in the latter 
one less, than if he had trusted to the rotation of the earth 
alone to carry him round. As the earth revolves from west to 
east, it follows that a westward direction of his journey, by 
which he counteracts its rotation, will cause him to Jose a day, 
and an eastward direction, by wdiich he conspires with it, to 
gain one. In the former case, all his days will be longer; in 
the latter, shorter than those of a stationary observer. This 
contingeMC}^^ has actually happened to circumnavigators, 
llciice, also, it must necessarily happen that distant settle- 
incnts, on the same meridiany will dilFer a day in their usual 
rci.vkoning of time, according as they liave been colonized by 
settlers arriving in an eastward or in a westward direction, 
— a circumstance wliicli may produce strange confiislon when 
they come to communicate with each other. The only mode 
of correcting tlic ambiguity, and settling the disputes wliich 
such a difference may give rise to, consists in having recourse 
to the equinoctial date, which can never be ambiguous. 

(258.) Unfortunately for geography and navigation, the 
chronometer, though greatly and indeed wonderfully im- 
proved by the skill of modern artists, is yet fur too imperfect 
an instrument to be relied on implicitly. Ilowever such an in- 
etrument may preserve its uniformity of rate for a few hours, 
or even days, yet in long absences from liome the chances of 
error and accident become so multiplied, as to destroy all 
security of reliance on even the best. To a certain extent 
this may, indeed, be remedied by carrying out several, and using 
them as checks on each otiier; but, besides the cx])Ciise and 
trouble, this is only a palliation of the evil — the great and 
fundamental, — as it is the only one to which the detenmna- 
tion of longitudes hy time-heejjers is liable. It becomes ne- 
cessary, therefore, to resort to other means of communicating 
from one station to anotlier a knowledge of its local time, or 
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of propagMting from some principal Btatloii, as a contn?. Its 
local time as a universal standard with which the local time 
at any other, however situated, may be at once compared, 
and thus the longitudes of all places be referred to the me- 
ridian of such central point. 

(259.) The simplest and most accurate method by wlileh 
tills olijcct can be accomplished, when circumstances admit of 
its adoption, is that by telegraphic signal. Let A and B bo 
two observatories, or other stations, provided with accurate 
means of determining their respective local times^ and let us 
first suppose them visible from each other. Their clocks 
being regulated, and their errors and rates ascertained and 
a[)i)lied, let a signal be made at A, of some sudden and de- 
iiiute kind, such as the flash of gunpowder, the ex])losion of a 
rocket, the sudden extinction of a brii!:ht lirfit, or any other 
which, admits of no mistake, and can be seen at great dis- 
tances. The moment of the signal being made must be noted 
by each observer at his respective clock or watch, as if it were 
tlie transit of a star, or any astronomical phenomenon, and tlic 
(a'ror and rate of the cloclc at each station being applied, the 
local time of the sigmil at each is determined. Consequently, 
when the observers communicate their observations of the 
signal to each other, since (owing to the almost instantaneovis 
transmission of light) it must have been seen at the same 
absolute instant by both, the difference of their local times, 
and therefore of their longitudes, becomes known. For 
example, at A signal is observed to liappen at 5^ 0* 

sid. time at A, as obtained by applying the error and rate to 
the time shown by the clock at A, when the signal was seen 
there. At B the same signal was seen at 5^ 4*^ 0®, sid. time 
at B, similarly deduced from the time noted by the clock at 
B, by applying its error and rate. Consequently, tlie differ- 
ence of their local epoclis is 4”® 0®, which is also their ditfer- 
ence of longitudes in time, or iY 0^' in hour angle. 

(2f>0 ) The accuracy of the final determination may be 
iiKTeased by making and observing several signals at stated 
intervals, each of which affords a comparison of times, and 
the mean of all wliich is, of course, more to be depended 
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on tban the result of any single comparison. By" this means, 
the error introduced by the comparison of clocks may be 
regarded as altogether destroyed. 

(261.) The distances at which signals can be rendered 
visible must of course depend on the nature of the interposed 
country. Over sea tlic explosion of rockets may easily be 
seen at fifty or sixty miles ; and in mountainous countries the 
flash of gunpowder in an open spoon may be seen, if a proper 
station be chosen for its exhibition, at much greater distances. 

(262.) AVlicn tlie direct light of tlie flash can no longer be 
perceived, eitlier owing to the convexity of the interposed 
segment of the earth, or to intervening obstacles, the sudden 
' illiinvinatlon cast on tlie under surface of the clouds by tlie 
explosion of considerable quantities of powder may often be 
observed with suct'css ; and in this way signals have been 
made at very much greater distances. Wliatever means can 
l)C devised of exciting in two distant observers the same sen- 
sation, wliether of sound, light, or visible motion, at precisely 
the same instant of timey may be employed as a longitude 
signal. Wherever, for instance, an unbroken line of electro- 
telegraphic connection has been, or liereafter may be, estab- 
lished, the means exist of making as complete a comparison 
of clocks or watches as if tliey stood side by side, so that no 
method more complete for the determination of differencevS of 
longitude can be desired. Thus, the difference of longitude 
between the observatories of GreenAvicb and Paris was ascer- 
tained in 1854. The extreme deviation of the most discor- 
dant result from the mean of 29 single determinations (0 h. 
9 m. 20-64 sec.), amounted barely to a quarter of a second. 

(263.) Where no such electric communication exists, 
however, the interval between observing stations may be 
increased by causing the signals to he made not at one 
of them, but at an intermediate point ; for, provided they are 
seen by both parties, it is a matter of indifleronce where they 
are exhibited. Still the interval which could be thus em- 
braced would be very limited, and the method in consequence 
of little use, but for the following ingenious contrivance, by 
whicli it can he extended to any distance, and carried over 
any tract of country, however difficult. 
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(264.) This contrivance consists in establishing, between 
the extrertK? stations, \Vhose diilerence of longitude is to be as- 
certained, and at which the local times are observed, a chain of 
intermediate stations, alternately destined for signals and for 
observers. Thus, let A and Z be the extreme stations. At B 
let a signal station be established, at which roc^lvets, &c. are 
fired at stated intervals. At C let an observer be placed, 
provided w ith a chronometer ; at D, another signal station ; 
at E, another observer and chronometer; till the whole 
line is occupied l)y stations so arranged, that the signal at 
B can be seen from A and C; those at I), from C and E; 
and so on. Matters being thus arranged, and the errors and 
rates of tlie clocks at A and Z ascertained by astronomical# 
observation, let a signal be made at B, and observed at A and 
C, and the times noted. Thus the difference lietvveen A’s 
clock and C’s clironomcter becomes known. After a short 
interval (five minutes for instance) let a signal be made at I), 
and observed by C and E. Then will the difference between 
their respective chronometers be determined ; and the differ- 
enco between the former and the clock at A being already 
ascertaine<l, the ditrerence between the clock A and chrono- 
meter E is tliercfore known. This, however, supposes that 
the iuternicdlate chronometer C has kept true sidereal time, 
or at least a known rate, in the interval between the signals. 



Now this interval is purposely made so very short, that no 
instrument of any pretensions to character can possibly 
produce an apprctiable amount of error in its lapse by 
deviations from its usual rate. Thus the time propagated 
from A to C may be considered as handed over, without 
gain or loss (save from error of observation), to E. Simi- 
larly, by the signal made at F, and observed at E and Z, 
the time so transmitted to E is forwarded on to Z , and thus 
at length the clocks at A and Z are compared. The process 
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may be repeated as often as is necessary to destroy error l)y a 
iuean of results; and when the line of stations is numerous, 
by keeping up a succession of signals, so as to allow each ob- 
server to note alternately those on either side, which is easily 
pre-arranged, many comparisons may be kept running along 
the line at once, by which time is saved, and other advantages 
obtained.* In important cases the process is usually re- 
peated on several nights in succession, 

(265.) In place of artiticifil signals, natural ones, when they 
occur sufficiently definite for observation, may be equally em- 
ployed. In a clear night the number of those singular me- 
teors, called shooting stars, which may be observed, is often 
tvery great, especially on the 9th and lOth of August, and 
some other days, as November 12 and 13 ; and as they are 
sudden in their appearance and disappearance, and from the 
great height at which they have been ascertained to take 
pl;ice are visible over extensive regions of the earths surhice, 
tliere is no doubt that they may be resorted to with advan 
tage, by previous concert and agreement between distant 
observers to watcdi and note them, f Those sudden disturb- 
ances of the magnetic needle, to Avliich the name of magnetic 
shocks has been given, have been satisfactorily ascortaine({ to 
be, very often at least, simultaneous over whole continents, 
and in some, perhaps, over the whole globe. TliCwSe, if ob- 
served at magnetic observatories with precise attention to 
astronomical time, may become the mciins of determining 
their differences of longitude with more precision, possibly, 
than by any other metliod, if a suflicient niiinber of remarlv- 
able sliocks be observed to ascertain their identity^ about 
which the intervals of time between their occurrence (exactly 
alike at both stations) will leave no doubt. 

• For a com])lcte account of this methofi, and the mode of deducing the most 
advantageous result from a comhination of all the observatioos, see a paper on 
the difTerenee of longitudes of Greenwich and Paris, Phil. Trans. 1826; by the 
Author of Ibis volume. 

t 'this idea was first suggested by the late Dr. IVIaskelyne, to whom, Ik^w- 
ever, the practical ly useful fact of tlieir periodic recurrem e was unknown. Mr. 
Cooper has thus employed the meteors of the 10th and ] 2th August, 1847, to 
determine the diftercncc of longitudes of Mark rce and Mount Eagle, iu Ireland. 
'I hose of the same epoch have also been used in Germany for ascertaining the 
hjfigitudes of several stations, and with very satisfactory results. 
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(266.) Another species of natural signal, visible at once 
over a whole terrestrial hemisphere, is afforded by the eclipses 
of Jupiter’s satellites, ^f which wc shall speak more at large 
when we come to treat of those bodies, Kvery such eclipse 
is an event which possesses one great advantage in its api)li- 
cability to the purpose in question, viz. that tlie time of its 
happening, at any fixed station, such as Greenwich, can be 
predicted from a long course of previous recorded observation 
and calculation thereon founded, and that this prediction is 
sufficiently precise and certain, to stand in the place of a cor- 
res[)onding observation. So that an observer at any other 
station wherever, who shall have observed one or inox’e of 
these eclipses, and ascertained his local time, instead of wait-* 
ing for a communication with Greenwich, to inform him at 
wdiat moment the eclipse took place there, may use the jpre- 
dieted Greenwich time instead, and thence, at once, and on 
the spot, determine his longitude. This mode of ascertain- 
ing longitudes is, however, as will hereafter appear, not sus- 
ceptible of great exactness, and should only be resorted to 
when others cannot be had. The nature of the observation 
also is such that it cannot be made at sea*; so that, however 
useful to the geographer, it Is of no advantage to navigation. 

(267.) But such phenomena as these arc of only occasional 
occurrence; and in their intervals, and when cut off from all 
communication with any fixed station, it is indis})en sable to 
possess some means of determining longitudes, on which not 
only the geographer may rely for a knowledge of the exact 
position of Important stations on land in remote regions, but 
on wdiich the navigator can securely stake, at every instant of 
Ills adventurous course, the lives of himself and comrades, tlie 
interests of his country, and the fortunes of his employers. 
Such a method is afforded by Lunak OnsKiirATiONS. Tliough 

* To accomplish this is still a desideratum. Observing chairs, suspended 
with studious precaution for ensuring freedom of motion, have been resorted to, 
under the vain hope of mitigating the elfect of the siiip's oscillation. TTie 
opposite course seems more promising, viz. to merely deadon tlie motion by a 
fiomevvliat stiff suspension (as by a coarse and rough cable), and by friction 
strings attached to weights running through loops (not pulleys) fixed in the 
wood- work of the vessel. At le.ist, such means have been found by the author 
of singular efficacy in increasing personal comfort in the .suspension of a cot, 
[Vide Jon rim! of the Society of Arts, .Jan. 4, 1.S61.] 
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we have not yet introduced tlie reader to the phenomena of 
the moon’s motion, tliis will not j>reveht us from giving liere 
the exposition of the principle of tlie ‘lunar method ; on the 
contrary, it will be highly advantageous to do so, since by 
this course wc shall have to deal with the naked principle, 
apart from all the peculiar sources of diiSiculty with which the 
lunar theory is encumbered, but which are, in fact, completely 
extraneous to tlie principle of its application to the problem 
of the longitudes, which is quite elementary. 

(268.) If there were in the heavens a clock furnislied with 
a dial-plate and hands, which always marked Greenwich time, 
the longitude of any station would be at once determined, so 
' soon as the local time was known, by comparing it with this 
clock. Now, the offices of the dial-plate and hands of a 
clock are these: — the former carries a set of marks upon it, 
whose position is known; the latter, by passing over and 
among these marks, informs us, by the place it holds with 
respect to them, what it is o’clock, or what time has elapsed 
since a certain moment when it stood at one particular spot. 

(269.) In a clock the marks on the dial-plate are iinlfoi’mly 
distributed all around the circumference of a circle, whose 
centre is that on whlcli the hands revolve with a uniform 
motion. But it is clear that we should, with equal certainty, 
tliough with much more trouble, tell what o’clock it were, if 
the marks on the dial-plate were 2 /wequally distributed, — if 
the hands were ^.rcentric, and their motion not uniform, — 
provided we knew, 1st, the exact intervals rounjl the circle at 
winch the hour and minute marks were placed ; which would 
l)e the case if we liad them all registered in a table, from the 
results of previous carefid measurement: — 2dly, if we knew 
the exact amount and direction of excciitricity of the centre 
of motion of the hands; — ^and, Sdly, if avo were fully ac- 
quainted with all the mechanism which put the hands In 
motion, so as to be able to say at every instant what were 
their velocity of movement, and so as to be able to calculate, 
without fear of error, now much time should correspond to 
so MUCH angular movement 

( 270 *) The visible surface of the< starry heavens is the 
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dial-plate of our clock, the stars are t he fixed marks distributed 
arouiul its circuit, the moon is the moveable hand, which, 
with a motion that, superficially considered, seems uniform, 
t>ut which, when carefullj^ examined, is fouiid^to be far other- 
wi.-e, and which, regulated by mechanical laws of astonishing 
complexity and intricacy in result, though beautifully simple 
in principle and design, performs a monthly circuit among 
them, passing visibly over an<J hiding, or, as it is called, oc* 
ctilring some, and gliding beside and between others; and 
whose position among them can, at any moment when it is 
visible, be exactly measured by the help of a sextant, just as 
we might measure the place of our clock-hand among the 
marks on its dial-plate with a pair of compasses, and thence, 
from the known and calculated law's of its motion, deduce the 
time. That the moon does so move among the stars^ while the 
latter liold constantly, with respect to each other, the same 
relative position, the notice of a few nights, or even hours, 
will satisfy the comuiencijig student, and this is all that at 
present w'e require. 

(271.) There is only one circumstance wanting to make 
our analogy complete. Suppose the hands of our clock, in- 
stead of moving quite close to the dial-plate, were considerably 
elevated above, or distant in front of it. Unless, then, in 
viewing it, we kept our eye just in the line of their centre, 
we should not see them exactly thrown or projected upon their 
proper places on the dial. And if we were either unaware 
of this cause of optical change of place, this parallax — or 
negligent in not taking it into account — we might make 
great mistakes in reading the time, by referring the hand to 
the wrong mark, or incorrectly appreciating its distance from 
the right. On the other hand, if we took care to note, in 
every case when we had occasion to observe the time, the 
exact position of the eye, there would be no diflSculty in 
ascertaining and allowing for the precise influence of this 
, cause of apparent displacement. Now, this is just what 
obtains with the apparent motion of the moon among the 
Stars. The former (as will appear) is comparatively near to 
the earth — the latter Immensely distant : and in consequence 

N 



178 


OUTLIISES OF ASrilONOMV. 


of our not occupying the centre oi* the earth, but being carried 
about on its surface, and constantly chaiiging ])laee, there 
arises a parallax^ wl^ich displaces tlie ^nioon apparently^ ainojjg 
the stars, and must be allowed for before we can tell the true 
place she \yould occupy if seen from the centre. 

(272.) Such a clock as we liave described might, no doubt, 
be considered a very bad one ; but if it were our only one, 
and if incalculable interests were at stake on a perfect know- 
ledge of time, we should justly regard it as most precious, 
and tliink no pains ill bestowed in studying the Jaws of its 
movements, or in facilitating the means of readiny it correctly. 
Sucli, in tlie parallel we are drawing, is the lunar theory, 
whose object is to reduce to re-gidarity, the indications of tills 
strangely irregular-going clock, to eliabl(^ us to predict, long 
beforehand, and with absolute certainty, whereabouts among 
the stars, at every hour, minute, and second, in every day ot 
every year, in ( Greenwich local time, the moon would be seen 
from the earth’s centre, and will be seen from every accessible 
fioint of its surface; and such is the lunar method of longi- 
tudes. The mooifs apjiareut angular distance from all tliose 
principal and conspicnoiis stars which lie in its course, as seen 
from the eurtlfs cenlia^, are computed and tabulated with the 
utmost care and precision in almanacks publislied under 
national control. No sooner does an observer, in any part 
of the globe, at sea or on land, measure its a<5tual distiuice 
from any one of those standard stars (whose places in the 
heavens have been ascertained for the purjjosc witii the most 
anxious solicitude), than he has, in fact, performed that com- 
parison of his local time with the local limes of every ob- 
servatory in the world, which ejiahles him to ascertain his 
difference of longitude from one or all of them. 

(273.) The latitudes and longitudes of any number of points 
on the eartii s surface may be ascertained by the methods above 
described ; and by thus laying down a sufficient number of 
principal points, and filling in the intermediate spaces by local 
surveys, might maps of count riCvS be constructed. In prac- 
tice, liowever, it is found simpler and easier to divide each 
:>;trncuhir nation into a scries of great triangles, the angles of 
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\rhich are stations consi>kuionsly visible from eacli otlier* . Uf 
these triangles, the atvjles only are measured by moans of tlie 
t/iemldite^ with the exception of one side only of one trimujle^ 
which is called a base, and which is measured with every 
refinement which Ingenuity can devise or expense, command, 
'rhis base is of moderate extent, I'arely surpassing six or seven 
miles, and purposely selected in a perfectly horizontal plane, 
otherwise conveniciitly adapted to the purposes of measure- 
meiit. Its length between its two extreme points (which are 
dots on plat<\s of gold or platina let into massive blocks of 
stone, and which are, or at least ought to he^ in all cases 
preserved with almost religious care, as monumental records 
of the highest Impojiance), is then measured, wdtli every pre- 
caution to ensure precision*, and its })osition with respect to 
the meridian, as well as the geograpliical positions of its 
extremities, carefully ascertained. 

(274.) The annexed figure represents such a chain of 



triangles. A B Is tlie base, O, C, stations visible from both 
its extremitiCvS (one of which, O, we will suppose to be a 
national observatory, witli which it is a principal object that 
the base should be as closely and immediately connected as 
possible) ; and D, E, F, G, 11, K, other stations, remarkable 
points in the country, by whose connection its whole surface 
may be covered, as it were, with a network of triangles. 
Now, it is evident that the angles of the triangle A, B, C 
being observed, and one of its sides, A B, measured, the 
other two sides, A C, B C, may he calculated by the rules of 
trigonometry ; and tluis each of the sides A C and B C 

* The* greatest pofisihle error in the lri<;h base* of between sex^en and eight 
tnilec, near l^ondonderry, is supi>ovcd not to exceed two inches, 
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bucDiiies in iLs turn ii lase capable of being employed 
Vnown isides of otlicr triangles. For instance, the angh’s of 
ihe triangles A C G and B C F bein^ known by observation, 
and their sides. A C and B C, we can thence calculate tlie 
lengths A,G, C G, and B F, C F. Again, C G and C F 
being known, and the included angle G C F, G F may be 
calculated, and so on. Thus may all the stations be aecu 
rately determined and laid down, and as this process may be 
carried on to any extent, a map of the whole country may 
be tlms constructed, and filled lu to any degree of detail wo 
please. 

(275.) Now, on this process there are two importani 
remarks to he ma<le. The first is, that It I^ necessary to bo 
careful in the selection of stations, so as to form triangles 
free from any very great ine(|uulity in their angles. For in- 
stance, the triangle K B F would be a vei’y Improper one to 
determine the situation of F from observations at B and K, 
because the angle F being very acute, a small error in the 
angle K would produce a great one in the )>lace of F %ipon 
the line B F. Sucli Unconditioned triangles, therefore, must 
be avoided. But if this be attended to, the accuracy of the 
determination of the calculated sides will not be mucli short 
of that whicli would be obtained by actual measurcinent 
(were it practicable) ; and, therefore, as we recede from the 
base on all sides as a centre, it will sj)eedily become practi- 
cable to use as bases, the sides of rmich larger triangles, such 
as G F, G H, II K, &c. ; by which means ‘tlie next step of 
the operation will come to be carried on on a ixuudi larger 
scale, and embrace far greater intervals, than it would have 
been safe to do (for the above reason) in the Immediate neigh- 
bourhood of the base. Thus it becomes easy to divide tlio 
whole face of a country into great triangles of from 30 to 100 
miles in tlaur sides (according to the nature of the ground), 
which, being once well determined, may be afterwards, by a 
second series of subordinate operations, broken up into smaller 
ones, and these again Into others of a still minuter order, till 
the final filling in is brought within the limits of personal 
-survey arifl <lruftsm;inship, and till a map is constructed, with 
any refpiired degree of detail. 
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(276,) Tlio next renuirk we liave to make is, that all the 
triangles in question ari5 not, rigorously speaking, planey'hxxi 
spherical — existing on the sur^ace of a sphere, or rather, to 
speak correctly, of an ellipsoid. In very small triangles, of 
six or seven miles in the side, this may bo neglected, as the 
difference is imperceptible ; but in the larger ones’it must be 
taken into consideration. It is evident that, as every object 
used for pointing the telescope of a theodolite has some cer- 
tain elevation^ not only above the soil^ but above the level of 
tlie sea^ and as, moreover, these elevations differ in every in- 
stance, a reduction to the horizon of all the measured angles 
would appear to be required. F>ut, in fact, by tbe construc- 
tion of the theodolite (art. 192,), which is nothing more than 
an altitude and azimuth instrument, 
this reduction is made in the very 
act of reading off the horizontal 
allies. Let E be the centre of tlie 
earth : A, B, C, the places on its 
spherical stir face, to which three sta- 
titms, A, P, Q, in a country are re- 
iVirred by radii E A, E B P, E C Q. 

If a theodolite be stationed at A, the 
axis of its horizontal circle will 
point to E when truly adjusted, 
lud its plane will be a tangent to the 
sjihere at A, iiitersectjiig tlie radii E B P, E C Q, at M and 
N, above tlie splKuIcal surface. The telescope of the theodo- 
lite, it is true, is pointed in succession to P, and Q ; but the 
readings off' of its azimuth ciicle give — not the angle PA Q 
between the directions of the telescope, or between the ob- 
jects P, Q, as seen from A ; hat the azimuthal angle M A A, 
which is the measure of the angle A of tlie splierical triangle 
li A C, Hence arises this remarkable circumstance, — that 
the sum of the three observed angles of any of the great tri- 
angles in gcodesical operations is always found to he rather 
more than 1 80®, Were the earth’s surface a plane, it ought 
to be exactly 180®; and this excess, which is called the sphe- 
rical excess, is so far from being a jiroot* of* incorrectness in 
the work, that it is essential to its accuracy, and offers at the 
time another palpable ju'c/of oi’ the iqilierieUy, 
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(277.) The true way, then, of conceiving the subject of a 
trigonometrical survey, when the spherical form of the earth 
is taken into consideration, is to regard the network of tri- 
angles with which the country is covered, as the bases of an 
assemblage of pyiaunids converging to the centre of the earth. 
The theodolite gives ?/s the true measures of the angles in^ 
eluded by the platies of these pyramids ; and the surface of an 
imjiginary sphere on tlie level of the sea intersects them in an 
assemblage of spherical triangles, above whose angles, in the 
radii prolonged, the real stations of observation arc raised, by 
the superficial inequalities of mountain and valley. The 
operose calculations of spherical trigonometry which this con - 
sideration would seem to render necessary for the reductions 
of a survey, are dispensed with in practice by a very simple 
and easy rule, calle<l the rule for the spherical excess^ wlii<‘h 
is to be found in most works on trigononietrv. If we would 
take into account the ellipticlty of the earth, it may also be 
done by ap|)ro|)riate processes of calcination, which, liowever, 
are too abslruso to dwell upon in a woj'k like the present. 

(278.) Wliatever process of calculation we adopt, the re- 
sult >vill be a redu<‘tioa to the level of the sea, of all tlie 
triangles, and the consequent determination of the geogm- 
phical latitude and longitude of every station observed. Thus 
we are at lengtli enabled to construct ma|)s of countries ; to 
lay down the outlines of continents and islands ; the courses 
of rivers ; the places of cities, towns and villages ; the direc- 
tion of mountain ridges, and the places of tjieir principal 
summits ; and all those details wliich, as they belong to phy- 
sical and statistical, rather than to astronomical geography, 
we need not here dilate on. A few words, however, will be 
necessary respecting maps, which are used as well in astro* 
nomy as in geography. 

(279.) A map is nothing more than a representation, upon a 
plane, of some portion of the surface of a spliere, on which are 
traced the particulars intended to be expressed, whether they 
be continuous outlines or points. Now, as a spherical surface * 

^ We here ncj^lect the rlliptu*iry of the earth, whirh, for siu lt a puiposc an 
litsap tnfliltin;:!, is t.oo trjrtin;' tc» li.tvc any niafvrl.il iuflucnf i: 
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can by no contrivaiRUi l)c or projected into a 

plane, witliout iitidac enlargement or contraction of some 
parts in proportion to ■‘others ; and as the system adopted In 
so extending or |)rojecting it will decide lohat parts shall be 
enlarged or relati\ ely contraeted, and in wliat proportions ; 
it follows, that when large portions of the sphere are to be 
maj>i)exl down, a great difiercncc in their representations may 
subsist, according to the system of projection adojited. 

( 280 .) The projections chielly used in maps, are the ortlio-- 
f/raphic, stereofjrapldc^ and ATerai tor's. In the orthographic 
{>rojectlon, every ]/oint of the henii- 
s])liero is referred to its diametral 
plane or bfise, by a perjxaidicular let 
fall on it, so tliat the representation 
of tlie Inauisphcrc tlius nuipped on 
its base, is sucli as would actually 
apjiear to an eye ]>laced at an infinite 
distance Irom it. It is obvious, from the annexed figure, 
t'lat in this jirojcction mdy the central portions arc repre- 
sented of their true i'orms, while all the exterior Is more 
and more distorted and crowded togetlier as we approach the 
edges of (lie maj). Owing to this cause, the orthographic 
pr<»jecti(ni, thong! i very good for small portions of the globe, 
is of little service for large ones. 

( 281 .) dd le sfrreograjjhic 
prt)jection is in great mea 
sure free lVon»» this defect, 
fo understand thi.s |)rojec- 
tlon, we must conceive an 
eye to be [ilaced at E, one 
extremity of a diameter, 

E C B, of the sphere, and 
to view the concave surlht*,e \ 
of the sphere, every point 
of which, as P, is referred to 
the diametral |>]ane A D F, 
perpendicular to E B by the visual line P M E. Tlie 
Mereographic pn>jection of a sphere, then, is a true perspee- 
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live representation of Its concavity on a diametral plane; ami, 
as slich, It possesses some singularly elegant geometrical pro- 
perties, of which we shall state one oii: two of the principal, 

(282,) And first, then, all circles on the sphere are re- 
presented by cilrcles in the projection. Thus the circle X Is 
projected into x. Only great circles passing through the 
vertex B are projected into straight lines traversing the 
centre C : thus, B P A is projected into C A. 

2ndly, Every very small triangle, G H Iv, on the sphere, is 
represented by a similar triangle, ^ A A, in tlie projection. This 
is a very valuable property, as it insurcKS a general similarity 
of appearance in the map to the reality in all its smaller 
parts, and enables us to project at least a hemisphere in 
a single map, without any violent distortion of the configura- 
tions on the surface from their real forms. As in the ortho- 
graphic projection, the borders of the hemisi)here are unduly 
crowded together; in the stereographic, their projected di- 
mensions are, on the contrary, somewhat enlarged in receding 
from the centre. 

(283.) Both these projections may be considered naf/ural 
ones, inasmuch as they are really perspective representations 
of the surface on a })Iane. Mercator’s is entirely an artificial 
one, representing the sphere as it cannot be seen from any 
one point, but as it might be seen by an eye carried succes- 
sively over every part of it. In it, the degrees of longitude^ 



and those of latitude^ bear always to each other their due 
proportion : the equator is conceived to be extended out into 
a straight line, and the meridians arc straight lines at right 
angles to it, as in the figure. Altogether, the general cha- 
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raptor cf maps on tills projociion is not very dissimilar to 
wiiat would be produced by referring every point in the globe 
to a clrcumscriliiiig cylinder, by lines drawn from the centre, 
and then unrolling the cylinder into a jdaiie. Like the 
stereogra{)hic projection, it gives a true rcpreseufatlon, as to 
form, of every particular small part, but varies greatly in 
point ()f scale in Its dllfevent regions; the polar portions in 
[)articiilar being extravagantly enlarged; and the whole map, 
even of a single iKaiiispliere, not lK*ing comprizalde within 
any finite limits. 

(283 a.) Avery convenient projection, at once simple in 
jninciple, and remarkable for the facility witli wlilch places 
on the eartli’s surface may be laid down from a knowledge of 
their latitudes and longitudes, or stars from that of their 
right ascensions and polar distances ; or read olf from the 
chart when projected, is one in which (the radius of a circle 
being divided into ninety equal parts, representing degrees 
of polar distance,) parallels of latitude or of declination are 
(‘xpressed by concentric circles, described through eacli ot 
the points of division, and circles of longitude or of declina- 
tion are represented by the radii. In a planispliere con- 
structed on this principle, the jaroportions of the spaces 
occupied on the chart by equal areas difFercntly situated, are 
i>etter preserved tlian in atiy of thov^e already described, and 
with an amount of distortion of v«hape, on the wliolc, as 
little offensive as tl)e nature of a planispliere chart allows. 
This [irojectiQn (as does also one recently proposed by 
Sir H. James, which takes in two-thirds of the 8|)here) 
admits of being extended considerably beyond a hemisphere, 
without producing a very intolerable distortion. 

(283 Z».) The following projection, in which equal areas 
on the projection correspond preciseh/ to equal areas on the 
spherical surface projected, is also occasionally employed.'^ 
lake out, upon any scale, from a table of natural sines, the 
sines of 30', L, V 30', • . . up to 45", and from any center 

• See '* Results of Astronotnical Observations at the Cape of Good Hope,** 
by the Author* Plate XL, tvlierc this projection is used to exhibit the latr of 
distribution of the Nebtilfr, 
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with these as radii describe circles. , These will represent 
the projections of sniall circles of the sphere about a pole> 
whose projection is their common center, having the re- 
spective polar distances 2"", - . . 90''. 

(284.) We shall not, of course, enter here into any geo- 
graphical details ; but one result of maritime discovery on 
the great scale is, so to speak, massive enougli to call for 
iviention as an astronomical feature'. When the continents 
and seas are laid down on a globe (and since tlic discovery of 
Australia and the recent addition to oiir antarctic knowledge 
of Victoria Land by Sir J, C. Eoss, wc art? sure that no 
very extensive tracts of land remain unknown), wo find tliat 
it is possible so to divide tlie globe into two lieinispliercs, that 
one sliall contain nearly all the land ; the otlier being almost 
entirely sciU It is a tact, not a little interest iiig; to Englisli- 
men, anti, combined witli our insular station in that great 
higliway of nations, the Atlantic, not a little exjilanatory t)f 
our cominercial eminence, that London’*^ occupies nearly tlui 
center of tlve terrestrial hemispliere. Astrontiniically speaking, 
the fact of this divisibility of the globe Into an oceanic anti a 
terrestrial lieinisphere is important, as diiinonstiative of a, 
want ol’ al)solute erpiallty in the density of the solid niatcrial 
of the two hemispheres. Considering the whole mass of land 
and water as in a state of equiUbrium, it is evident that the 
half which protrudes must of necessity he buoyant; not, of 
course, that we mean to assert it to 1)0 llgliter tlian water^ 
but, as coin])aved with the whole globe, in a less dry rev heavier 
tlian that lluld. We leave to geologists to draw from these 
premises tlieir own concluvsions (and we think them obvious 
enough) as to the internal constitution of the globe, and tlu^ 
immediate nature of the forces which sustain its continents at 
their actual elevation; but in any future invostigati(>us which 

* More exactly, Falmouth. The central point of the hemisphere wliich 
contains the inaxiirmni of land falls very nearly indeed upon this port, 'the 
land in the opposite hemisphere, with exception of the ta])eilng extremity of 
Soullj America and the slender peninsula of Malacca, is wholly insular, and 
>verc it not for Australia, would be quite insignificant in amount. This 
interesting feature of geography wa.s first noticed by Colson (Phil. 'i'r. xxxix. 
p, iUO. ). A pair of planispheres for tlie horizon of London has been pnhiished 
by Unglu'K (London, 
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may have for their object to explain the local deviations of 
the intensity of gravity, from what the hypothesivS of an exact 
elliptic figure would require, this, as a generalfact, ought not 
to be lost sight of. 

(285.) Our knowledge of the surface of our globe is iu- 
complete, unless it include the heights above the sea level of 
every part of the land, and the depression of the bed of tlic 
ocean below the surface over all its extent d"ho latter object 
is attainable (with whatever difliculty and liuwsocver slowly ) 
by direct sounding ; tlie former by two distinct methods: the 
OIK' consisting in trigonometrical ineasureinent o(* the dilfer- 
ences of level of all tlie stations of a survey ; the other, l>y 
the use of the barometer, the })rlnci])le of which is, in fact, 
ident cal vvitli that of tlie sounding line. In both cases we 
meavsure the distance of the point whose level we would knoAv 
from the surface of an e(juilihrated ocean ; only iu the one 
<-ase It is an ocean of water; jii the other, of air. In tlie 
one case oiu- sounding line Is real ;nul tangible ; in the other, 
an imaginary one, measured by the length of the column of 
r|uicksilver the superineumbent air is ca[>ablc of counter- 
balancing. 

(286.) 8up|H>se that instead of air, tlie earth and ocean 
were covered with oil, and that human life could sulisist 
under such circumstances. Let A LCD K be a continent, ot 
Vvhhdi the portion ABC projects above the water, but is 


c; 



covered by the oil, which also floats at an uniform de|>tli on 
the whole ocean. Then if we would know the depth of any 
))oirit D below the sea level, we let down a [)lunuiK‘t from F. 
Ihit, if we would know the height of B above the same level, 
\ve hav(' only to send up a float from r> to the surface of the 
<ul ; and hamnjj dotu' the same at, C, a p(nnt ett the sea levels the 
di If evince of the tfvti float lines epxes the Iteifjfft ui question. 
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(287). Now, though the atmosphere differs from oil in not 
having a positive surface equally definite, and in not being 
capable pf carrying up any float adequate to such an use, yet 
it possesses all the projieities of a fluid really essential to tlie 
purpose in view, and thus in particular, — that, over the whole 
surface of the globe, its strata of equal density supposed in a 
state of equilibrium, are parallel to the surface of cquillbrluni, 
or to what taould be tlie surface of the sea, ifprolonyed under 
the continejits^ and therefore each or any of them lias all the 
characters of a definite surface to measure from, provided it 
can be ascertained and identified^ Now, the height at whicli, 
at any station B, the mercury in a barometer is supported, 

• informs us at once liow much of the atmosphere is incumbent 
on B, or, in other words, in what stratum of tiie general 
atmosphere (indicated by its density) B is situated: wlience 
we are enabled finally to conclude, by meclianical reasoning*', 
at what height above the sea-level that deyree of density is to 
be found over the whole surface of the globe. Sii li is the 
[irinciple of tlie apjilication of the liarometer to the measure- 
ment of heights. For details, the reader is referre.i to otlier 
works.f 

(288.) We will content ourselves here with a general cau- 
tion agiiiiist an implicit dependence on barometric nieasur<>- 
ments, except as a difFerential process, at stations not too 
remote from each otlier. They rely in tlieir application on 
the assumption of a state of eiiuilibrium in the atmospheric. 
strata over the whole globe — whicli is very far from being 
their actual state (art. 37.). Winds, especially steady ari<l 
general currents sweeping over extensive continents undoubt- 
edly tend to produce some degree of conformity in the cur- 
vature of these strata to the general form of the land-surface, 
and therefore to give an undue elevation to tlie mercurial 
column at some points. On the other hand, the existence of 
localities on the earth^s surfiice, where a permanent depres- 

* Newton’s Prlncip. ii. Prop. 2‘2. 

f Biot, Astrononne Physitpie, vol, iii. For tables, see the work of Biot, 
eiteci. Also those ot Oltmann, nnntiaDy piil)nshetl by the French hoard of 
lonpjitudes in their Annuaire ; and Mr” Baily's Collection of Astronomical 
Tables and Formul<T. Sec also Kncye. Brit., “ Meteoroioio § ;> i. 
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tiion of the barometer jirevails to the astonishing extent of 
nearly an inch, has been clearly proved by the observations of 
I'lnnann in Siberia and' of Ross in the Antarctic Seas, and is 
jirobably a result of the same cause, and may be conceives 
as complementary to an undue habitual elevatipn in other 
regions. The mode in which both elevations and depressions 
of a permanent character may be maintained in the surface 
of a fluid in motion, will not be enigmatical to any one wiio 
contemplates the ripple caused by a pebble in a brook. 

(289.) Possessed of a knowledge of the heights of stations 
above the sea, we may connect all stations at the same 
altitude by level lines, the lowest of which will he the ontline 
of the sea-coast ; and the rest will mark out tlie successive 
coast-lines which would take place were the sea to rise by 
regidar and equal accessions of level over the whole world, 
till the highest mountains were submerged. The bottoms of 
valleys and the ridge-lines of hills are determined by their 
property of intersecting all these level linos at right angles, 
and being, subject to that condition, the shortest and longest, 
that is to say, tlie steepest, and tlic most gently sloping 
(ourses respectively which can he pursued from the summit 
to the sea. The former constitute “ the water courses” of a 
•ountry ; the latter its lines of “ watersehed ” * by wlu<‘h it 
is divided into distinct basins of drainage. Thus originate 
natural districts of the most ineffiieeable character, on whh'h 
the distribution, limits, and peculiarities of human com- 
munities arc ia great measure dependont. The mean height 
of the continent of Europe, or that height which its surface 
would have were all inequalities levelled and the mountains 
sfiread equally over the plains, is according to Humboldt 
1342 English feet ; that of Asia, 2274 ; of North America, 
1496 ; and of South America, 2302. f 

* Wnsser^scftti(i(\ the separation of* the waters. 

I Humboldt s numbers are the halves of these» but express, not the mean 
heights of the surfucest hnf- the heights of the several centres of gravity of ilie 
continental masses above the sea level. 
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CHAPTKR V. 

OF URANOGUAl>HY. 

CDNSTKUOTION OK CELESTIAL MAPS AND GLOBES BY OBSERVATIONS 

OK UKOIT ASCENSION AND DECLINATION. CELESTIAL OBJECTS 

mSTINGinSHKO INTO FIXED AND ERRATIC. OF THE CONSTEL- 

LATIONS. xNATURAL HEGION-S IN THE IIEAVENS. THE MILKY 

WAY. THE ZODIAC. —OF THE ECLIPTIC. CELESTIAL LATITUDES 

AND LONCITUDES. PRECESSION OF THE EQCINOXES. NUTATION. 

— ABIOilL'VTION. — REFRACTION. PARALLAX. SUMMARY VHAY OF 

THE TTIi AN0< J RA PI I ICAL CORRI^CTIONS. 

(290.) The detciTiHiRitioii of the relative situations of objects 
in the heavens, and the construction of maps and globes 
which shall truly represent their nuitual configurations as 
well as of catalogues wdiich shall jireserve a more precise 
numerical reeonl of tlie position of eacli, is a task at once 
simpler and less laliorious than that hy which the surfiice of 
the earth is ma|)|)ed and measured. Every star in the great 
constellation whlcli appears to revolve above us, constitutes, 
so to speak, a celestial station ; and among tliese stations we 
may, as uj)on the earth, triangulate, by mca.suring with 
proper instruments their angular distances iTCin each other, 
wdiich, cleared of the effect of refraction, arc then in a state 
for laying down on charts, as we would the towns and villages 
of a couutiy : and this without moving from our [dace, at 
least for all the stars which rise above our horizon. 

(291.) Griait exactness might, no doubt, be attained by 
this mcMTis, and excellent celestial charts constructed; but 
there is a far slm}>ler and easier, and at the same time, infi- 
nitely more accurate course laid o[)cn to us if we take advan- 
tage of the earth’s rotation on its axis, and by observing cacli 
celestial oltje<it as It passes our meridian, refer it separately 
Rivl independently to ihc celestial equator, and thus ascertain 
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its on the surface of an imaginary splicre, winch piay 
!>c conceived to revolve'with it, and on which it may be con 
eidored as projected, 

(202,) The right ascension and dcdinatiiin of a point in 
the heavens correspond to the longitude and latitude of a 
station on the earth ; and the place of a star on a celestial 
sphere is deteriniiuHi, when tlie former ehnnents are known, 
just as tiiat («f a town on a map, by knowing the latter* The 
great advantages which the method of meridian observation 
[xissesses ovc^r that of triangulation from star to vstar, are, 
then, 1st, That in it every star is observed in that point of 
its diurnal course, when it is best seen and least disjilaced 
by refraction, 2d]y, Tliat the instruments required (the 
transit and meridian circle) are the simplest and least liable 
to error or derangement of any used ]>y astronomei's. 3dly, 
Tliat all the observations can be made sysbaiiatlcally, in 
regular succession, and with equal advantages ; there lielng 
here no question about advantageous or disadvantageous 
triangles, &c. And, lastly. That, by adopting this course, 
the very quantities which we should otherwise liave to calcu- 
late by long and tedious operations of splierical trigonometry, 
and wliicli are essential to the formation of a catalogue, are 
made the objects of immediate ineasnrement. It is almost 
needless to state, then, that this is tiie course adopted by 
astroiioiners. 

(293. ) To determine the right ascension of a celestial ob- 
ject, all that is necessary is to observe tlic moment of itij 
meridian passage with a transit instrument, by a clock regu- 
lated to exact sidereal time, or reduced to such by applying 
its known error and rate. The rate may be obtained by 
repeated observations of the same star at its successive men- 
diari passages. Tlie error, however, retjuires a knowledge of 
the ('(fuinox^ or initial point from which all right ascensions in 
the heavens reckon, as longitudes do on the earth from a first 
meridian. 

(294.) The nature of this point will he explained pre- 
sently ; but for tlie j)urj>oscs of uranography, in so tar as 
tltf y cLiu'cru only the actual configurations oi’ tliC stars inter 
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se, knowlodge of the equinox is not necessary. Tlie choice 
of the equinox, as a zero point of right ascensions, is purely 
artificlah and a matter of eonvcniefiee. As on the earth, 
any stallon (as national observatory) may be chosen for an 
origin of Jongitudes; so in uranography, any conspicuous 
star might l>e selected as an initial point from which hour 
angles might bo ro(‘konod, and Irom which, by merely ob- 
serving differences or mterimis of time, the situation of all 
others might be deduced. In practice, these intervals are 
affected l>y certain minute causes of iTie([ualityj which must 
be allowed for, and which will be ex{>lained in their proper 
places. 

(295.) The declinations of celestial objects are obtained, 
1st, By observation of their meridiem edtitudes^ with the 
nmral or ineritlian circle, or other proper instruments. Tins 
rc([Uires a knowledge of the geograjdneal latitude of the 
station of* observation, which itself is only to be obtained 
by celestial olfservation. ^dly. And more directly, by oh- 
vservation of their polar distances on the mural circle, as 
explained in art. 170., which is independent of any previous 
determination of tlie latitude of the station ; neithei*, how- 
ever, in this ease, does observation give directly and irnine*- 
iliately the exact declinations. The observations require to 
be corrected, lirst for refraction, and moreover for tliose 
minute causes of inequality which have been juvst alluded to 
in the case of right ascensions. 

(296.) In this manner, then, may the places, one among 
the other, of all celestial objects be ascertainexl, and maps 
and globes constructed. Now here arises a very important 
question. How far are tliese places permanent? Do these 
hUivs and the greater luminaries of heaven preserve for ever 
one invariable connection and relation of place inter se^ as if 
they formed part of a solid though invlsilile firmament ; and, 
like tlie great natural land-marks on the earth, preserve 
immutably the same distances and bearings eacli from the 
other? If eo, the most rational idea we could form of the 
universe would be that of an earth at absolute rest in the; 
center, and n hollow crystalline sphere elreuhi ting roun<l it. 
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tint! (‘nrrying Slui, moun, and stars along in its diurnal mntiun. 
ir uoty wc must dismlsj^ all snclj notions, aiui inquire in- 
<Hvi<Iually into the distinct history of each obj(‘Ct, witli a view 
to discovering tlu! laws of its peculiar motions, and whether 
any and what other connection subsists between tlubu. 

(297.) So far is tliis, liowevcr, from being the case, that 
obstn’vatlons, even of the most cursory iiature, ai’C suttieieiU 
tu show that some, nl least, of tlie celestial bodies, and those 
tIh* most conspieuous, an; in a state of continual cliange ol 
|>ltece among iiio rest. In tlie case of tlu; moon, indeed, the 
ciinngc is so rapid and remarkable, that its alteration ot 
sitiialioji with res|>e(;t to sucli bright stars as may happim 
to l><^ near It may lx* noticed any fine night in a few hours; 
and if noticed on two successive nights, cannot fail to strike 
11 h; most earc'less observer. With tlu; sun, too, tlu^ chruuje 
of [)l;ice among the stars is constant and lajiid ; thougli, from 
tlie Invisibility of stars to the naked eye in the dav-tliiie, II 
is not so readily recogni/ed, and requires either tlu* use td* 
telescopes and aiigulu]* Instruments to measure it, or a longer 
euntinuance of obs(M'vation to ho struck witli it. Ncvertlie-' 
is'ss, it is only necessary to call to mind it^ greater meridian 
altitude in siumiu;r tlian in winter, and the fact that the 
stars which come into vi(;w at night (and wliicli are tlierefbrc^ 
situated in an liemis[)hcrc opposite to that occupied by the 
sun, and having that luminary for its eentre) a ary with tlu; 
season of tlie year, to perceive that a great cliange must lia\a; 
tak(‘n place in that interval in its relative situation with 
rinqicct to all the stars. Besides the sun and moon, too, 
there are several other bodies, called plaiuds, wliich, for tlx* 
most part, ajipear to the naked eye only as tlie largest and 
most brilllaiit stars, and whicli offer the same j)h(;nonx'M()n of 
eonstant, change of place among tlie stars ; now ajiproaching, 
and now receding from, such ot* them as we may reh'i* lliem to 
as marks ; and, some In longer, some in slioiier periods, 
making, like the sun and moon, the comjilcte tour of the 
heavens. 

(298.) These, liowevor, are exceptions to tlu:: geiu*r:il rule. 
ITie innumerable multitude of the stars wliieli are distrihuted 

o 
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ovfer the vault of the heavens fonn a constellation, which 
^preserves, not only to tlie eye of the casual observer, but to 
the nice exaniinatioii of the astronomer, a uniformity of 
aspect which, <vhen contrasted with the perpetual change in 
the configiiniiions of the sun, moon, and planets, may w(ill 
1)0 termed invariable. It Is true, indeed, that, by the 
refinement of exact measurements })rose(aitcd fi'om age to 
age, some small cliangcs of ap{)arent place, attributable to 
no illusion and to no terrestrial cause, have l>een dcUected in 
many of them. Such arc called, in astronomy, tlic proper 
viotiojis of the stars. But these are so (‘xcessh ely slow, that 
tlicir accumulated amount (even in tliose stars for which 
they are greatest) has been insufficient, in the whole duration 
of astronomical history, to produce any obvious or material 
alteration in the aj>[)earance of the starry heavens. 

(299.) This circamstance, then, eslablishcvS a broad dis- 
tinction of the heavenly bodies into two great classes ; — the 
fixed, among which (unless in a course of observations 
continued for many years) no change of mutual situation can 
be detected; and the erratic, or wandering — (wdiich is 
implied in the word planet '*^) — including the sun, moon, and 
planets, as well as the slngvdar class of bodies termed comets, 
in whose apjKireiit places among the stars, and among eacli 
other, the observation of a few days, or even hours, is 
sufficient to exhibit an indisputable alteration. 

(3t)().) Uranography, tlicn, as it concerns the fixed ce- 
lesti.al bodies (oj', as tliey arc usually called; the Jixed stars), 
is reduced to a simple inarhlng down of their relative places 
on a globe or on maps ; to the insertion on tliat globe, in its 
due place in the great constellation of tlie stars, of the pole 
of the heavens, or the vanishing point of parallels to the 
eartlfs axis ; and of the equator and place of the equinox ; 
points and circles these, which, though artificial, and having 
reference entirely to our earth, and thcrelbre subject to all 
cluinges (if any) to winch the earth’s axis may be liable, arc 
yet so convenient in practice, that they have obtained an 
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admission (with some oilier circles and lines), sanctioned by 
usage, in all glol)es and planlsplicres. The readei’, however, 
will take care to keep them scjiaratc in his mind, and to 
lamiliarizc himself vvitli the idea rather of* two or more 
(adestial globes, superposed aju.1 fitting on each otlieV, on one 
of which — a real one — are inscribed the stars; on the otliers 
those iinaginary points, lines, and circles, which astronomeis 
have devised for llieir own uses, and to aid their calculations; 
•and to acanistoni himself to conceive in the latter or artificial 
si)lieres a capability of being shilted in any maiuier upon the 
surfiieo of the other; so that, should experience demojistrate 
(as it docs) that tliese artificial |)oints and lines are brought, 
by a slow motion of the earth's axis, or by other secular 
variations (as they are called), to coincide, at very distant 
intervals of time, with diiferent stars, ho may not- be un- 
prejiared for the cliangc, and may liave no confusion to 
correct In his notions. 

(301.) Of course we do not lierc speak of those unooulli 
figures and outlines of men and monstervS, wdiich are usually 
scrilibled over celestial globes and majis, and serve, in a rudci 
and barbarous way, to enable us to talk of groups of stars, or 
districts in the heavens, by iiaines w hich, though alisurd or 
puerile in their origin, have obtained a currency from wdiicli 
it would be difficult to dislodge tlicm. In so far as tlicy 
have really (as some have) any slight resemblance to the 
figures called uj) in imagination by a view of the more 
splendid constellations,” they have a certain convenience; 
but as they are otherwise entirely arbitrary, and coiTespund 
to no natural subdivisions or groupings of the scars, astro 
nomers treat tJicm liglitly, or altogctlier disregard them* 
except for briefly 7uimin(f remarkable stars, as a Lconis, 

Scorpii, &c. &c., by letters of the Greek alphaliet attached 

* Tljis disregard is neitlicr siiptTcilions nor causeless. Tite constellations 
sevni to have been almost purposely named eiul deli rented to cause as much 
conlusion and inconvciueiiee as p'ossible. Innurneralde snakes twine through 
long and contorted areas of tiie heavens, where no rnenuuy can follow them . 
bears, lions, and lishcs, large and small, nortlicrn and soutlmrn, confuse a 'I 
nomenclature, &c. A i)c»ter system of constellations miglit have been a pijj- 
terial help as un artilicial memory. 
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to'them. The re;idc'r will find them on any celestial charts 
or glol)es, and may coni{)are them with the heavens, and 
tliore learn for hinisclf their ])osition. 

(,‘i02.) Tliere are not wanting, however, natural districts 
in the lu^avens, winch otier great peculiarities of cluiracter, 
and strike every observer : such is the milh/ wat/, that great 
luminous band, which stretches, every evening, all across the 
sky, from horizon to horizon, and which, when traced with 
diligence, and mapped down, is found to form a zone com- 
jiletcly encircling the whole sphere^ almost in a great circle, 
wliich is neither an hour circle, nor coincident with any other 
of our astronomical (jvammata. It is divided in one part of 
its course, sending oif a kind of branch, which unites again 
with the main body, aftci* remaining distinct for about loO 
degrees, within wliich it vsuffers an Interruption in its con- 
tinuity. This remarkable belt has mMintained, from the 
earliest ages, tlie same relative situation among the stars ; 
and, when examined tlirongh powertiil telescopes. Is found 
(wonderful to relate!) to consist entirelif of stars scattered hi/ 
ynlllions, like glittering dust, on the black ground of the 
general heavens. It will be described more particularly in 
the subsequent portion of this work. 

(3()3.) Anotlier remarkable region in the heavens is th(‘. 
zodiac^ not from any thing peculiar in its own con>stitution, 
but from its being tlie ai’ea Avitbin which tlie apparent 
motions ol‘ tlu> sun, moon, and all the greater planets are con- 
fined, To trace llic path of any one of these, it is only 
nec(!ssary to ascertain, by continued observation, its places 
at succesBive epochs, and entering these upon our map or 
sj)here in sutHcient number to form a sm-ies, not too far 
disjoined, to connect them by lines from point to point, as we 
mark out tlie course of a vessel at sea by mapping down its 
place from day to day. Now when this is done, it is found, 
first, that the apparent path, or track, of tlie sun on the snr- 
fiice of the heavens, is no other than an exact great circle of 
the B[)here wdiicli is calleil the ecliptic^ and whicli is inclined 
to t.lie equinoctial at an angle of about 23° 28', intersecting 
U at two opposite points, called the equinoctial points, or 
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equinoxes, and svlilcli are distinguished from each other hy 
the epithets verniil and ^lutiiiimal ; the vernal being that at 
which tlie sun crosses the equinoctial from south to north ; 
tlie autumnal, wlien it quits tlie northern and enters the 
sfuithcM'n hemisphere. Secondly, that the moon and all tlie 
planets pursue patlis \vhi(di, in like manner, encircle the wliole 
lieavens, but are not, like that of the sun, great circles exactly 
returning into themselves and bisecting the sphere, but rather 
spiral curves of mneh complexity, and described with very 
iine<|nal velocities in their different parts. Tlu'v have all, 
however, tills in comnion, that tlie gerferal direction of tlieir 
motions is the same with that of the sun, viz. from toeast^ 
tiiat is to say, the eontniry to that in wliich hotli tliey and 
the stars appear to be carried by tlie diuiaial motion of tlie 
iieavens ; and, moreover, that they m^ver deviate hir tVoni tlie 
(.‘(‘liplle on either side, m’ossing and roerossing it at regular 
and <^<|nal intervals of time, and confining themselves within 
a zone, or belt (the zodiac already spi'keirof), (extending (with 
certain exceptions among the smaller jilanets) not furtlKU' 
than 8° or on cither side of the ecliptic. 

(301.) It would manifestly be useless to map down on 
glolics or charts tlie apparent paths of any of tliosc bodies 
wlileh never retrace the same course, and which, thcrefVav, 
deinonst)*ahly, must ocimpy at some one moment or otlier o( 
their history, every point in the area of that zone of the hea- 
vens within whi(*h they arc clrcumscrilied. d'he apparent 
complication of their movements arises (that of tlio moon ex- 
cepted) from our viewing them from a station which is itself 
in motion, and would disappear, could we shift our point of 
view and observe tliem from the sun. On the otlier Iiand the 
apparent motion of the sun is presented to us under its least 
involved form, and is v'^tiidied, from the station we occupy, to 
the greatest advantage. So that, independent of the imjior- 
tance of that luminary to ns in other respects, it is hy the 
investigation of the laws of its motions in the first instance 
that vve must rise to a knowlt'dge of those of all the other 
bodies of our system. 

(305.) The ecliptic, which is its ipparent path among the 
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stars, is traversed by it in the period called tlic sidrmil *ym?, 
Nvdiieh consists of 365'^ 6^^ 9'“ 9*6% . reckoned in rnean soiiir 
time or 366^' 6^ 9"' 9*6® reckoned in sidereal time. The reason 
of this dilference (and it is tliis which constitutes the origin 
of the dilference between solar and sidererd time) is^ that as 
the sun’s apparent annual motion amom/ the stars is {lerforrned 
in a contrary direction to the apparent diurnal motion of both 
sun and stars, it comes to the f?ame tiling as if tlic diurnal 
motion of the sun were so mneb slower than that of the stai’vs, 
oi’ as if the sun lagged bcliind them in its daily coarse, 
When this has iionc on for a whole veav, the sun will have 
fallen beliind the stars by a whole (ilreu inference of the 
lie:iYens — or, in other words — in a year the sun will have 
made fewer diurnal revolutions, by one, than the stars. So 
that the same interval of time wdiJch is measured liy 366^^ 
tSeC. of sidereal time, will be called 365 days, 6 hours, &c., if 
reckoned in mean solar time. Thus, then, Is the proportion 
between tlie mean solar and siderejil day established, whieh, 
reduced Into a decinnd fraction, is tiiat of 1 ‘0027379 1 to 1 
The measurement of time by these dllferent standards may 
be compared to that of space by the standard feet, or ells of 
two dlileroiit nations; the profiortiun of which, once settled 
and borne in mind, can never become a source of error, 

(306.) The position of the ecliptic among the stars may, 
for our present purpose, be regarded as invariable. It is 
true that this is not strictly the case; and on comparing 
together its position at present with tliat which it held at tlu‘, 
most distant epoch aT whieh we possess observations, we find 
evidences of a small change, which theory accounts for, and 
whose nature will be hereafter explained ; hut that change U 
so excessively slow, that for a great many successive years, 
or even for whole centuries, tins circle may be regjirded, for 
most ordinary purposes, as holding the same position in tlic 
sidereal lieavens. 

(307.) The poles of the ecliptic^ like those of any otlier 
great circle of tlie sphere, are o|>posite [loints on its surfiicc, 
equidistant from tlie ecli|)tic in every direction. They arc 
of' course not coincident with those of the equinoctial, but 
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removed from it by aii.angulMr interval equal to the inclina- 
tion of the ccli{>tic to the equinoctial 28'), whiclj U calKal 
the (Miquity of the evUptic, In the next figure, if P p re])re- 
Bcnt the north and south poles (by which ^^'heu used witliout 
qualification we always mean the poles of the 
and E A Q V tlie equinoctial, V S A W the ecliptic, and K A, 
its poles — the spherical angle Q VS is the obliquity of the 
r;cliptie, and is equal in angular measure to P K or S Q. 
If we suppose the sun’s apparent motion to be in the direction 
V S A W, V will be the vernal and A the autumnal equinox. 
S and W, tlie two points at which the ecliptic is most distant 
from the equinoctial, are termed solstiees, because, when 
arrived there, the sun ceases to recede from tlie equator, and 
(in that sense, so far as its motion in declination is (•oncerned) 
to stand still in the heavens. S, the point wliere the vsun 
lias the greatest northern declination, is called the summery 
and W, that where it is farthest south, the v-inter solstice, 
d'hesc epithets obviously have tlicir origin in tlie dependence 
of the seasons on the sun’s declination, u Inch will be explained 
in the next chapter. Tlie circle E K P Q k p, which pusses 
through the poles of the ecliptic and equinoctial, is called the 
solstitial cohire ; and a meridian drawn llirough the equinoxes, 
P V p A, the tn/ninoctial cohirc, 

(308.) Since the ecliptic holds a detei'iinnatc situation in 
the starry heavens, it may be employed, like the e({uinoctinl, 
10 refer the jnsitions of the stars to, by circles drawn rliroiigli 
them from Us poles, and therefore |)er|)endicular to it. Such 
circles ture termed, in astronomy, 
circles of latitude — the distance 
of a star fnan llie ecliptic, reck- 
oned on the circle of latitude 
passing through it, is called the 
latitude of the stars — and the 
arc of the ecliptic intercepted 
• between the vernal equinox and 
this circle, its longitude. In the 
figure, X is a star, P X It a 
circle of declination drawn 
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through it, l>y wiiich it is referred to tlie efjuii'ioctinl, and 
K X T a circle of latitude referring it to tlie o(‘liptic — 
tl»cn, as V Iv is tlie right ascension, and li X the declination, 
of X, so also IS V T its longitude, and T X its latlt u(h\ The 
use of the terms longitude and latitude, in this sense, seems 
to liavc originated in considering tiu!! ecliptic as fonuing a 
kind of natural equator to the lieavens, as the terrestrial 
equator does to the earth — the former holding an invariable 
position ^vith respect to the stars, as the latter docs with 
respect to stations on tlie earth’s su]*fa<a\ Tlu^ force of this 
oliservation will prcs(‘ntly IxM'omc n])p;ii*ont. 

(HOD.) Knowing the right ascension and declination of an 
ol)jc(*t, \vc. may find its longitude and latitude, and vkc viTsd 
d1\is is a prolilem of great use in piiysical astroMoiiiv — tlu^ 
billowing is its solution; — In our last figure, E K P (^, tlie 
solstitial colure is of course 9()'" distant fiom V, the vernal 
equinox, vvdiich is one of its poles — st> that R (the right 
•iscension) l)eing gi\on, and also V iC, tlie arc R, and its 
measure, the s[)licrleal angle K P li, or Iv P X, is known. 
In tlie s})]icrical triangle Iv P X, then, we have given, 1st, 
The side P Iv, which, being the <listan(‘e of tlic poles of the 
edi|>tic and ecpilnoetial, is erpud to the ubrujuity of tlie 
cdi])tic ; 2d, The side P X, the polar dhtanoc^ or the com- 
plement of the declination R X; and, 3d, the included angle 
K P X ; and therefore, liy sjiherieal trigonomcti'y, it is easy 
to find the other side K X, and the remaining angles. Now 
iv X IS the eomplement, of the recpiircMl latitiuk X T, and tlie 
angle P K X b(dng known, and P K V hcing a right angle 
(because SV is 9(P), the angle X K V becomes known. 
Now this is IK) otlier than the measure of the longitude V T 
of the object. Tlic inverse problem is resolved hy the same 
triangle, and by a process exactly similar. 

(310.) It is often of use to know the situation of the 
ecliptic in the visible heavens at any instant; that is to say, 
the points where it cuts the horizon, and the altitude of its 
highest point, or, as it is sometimes called, the nonageshnal 
point of the ecliptic, as well as the longitude of this point on 
the ecliptic itself from the equinox. T’hese, ami all questions 
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referable to the mmc data and qnaesita, are resol \ ed by the 
spherical triangle Z P Itl, formed by tlie zcmith Z (considered 
as the pole of the horl;!ob), the pole of the equinoctial P, and 
the pole of the ecliptic E. The 
sidereal time being given, and 
also the right ascension of llie 
pole of the ecliptic (which is 
always the same, viz. 0”^ 0®), 
the hour angle ZPE of that 
point is known. Then, in this 
triangle wc liave given P Z, the 
euhititude ; tlie polar dis- 

tance of the })ole of tlie ecliptic, 

23" 28^ and the angle ZPE 
from which vve may find, 1st, the side* Z E, wiiicli is easily 
seen to be equal to the altitude of tlic nonagesimal jioiiit 
sought; and 2dly, the angle P Z E, whicli is the azimuth of 
the pole of the ecliptic, and w'hicli, tlierefore, being added 
to and subtracted from 90% gives the azimuth of (he cafttern 
and western intersections of the ecliptic witli the horizon. 
Lastly, the longitude of the nonagesimal [loint may l>c liad, 
by calculating in the same triangle the angle E Z, which 
is its com [dement. 

(311.) The a?ifflc of situation of a star is tlie angle incl tided 
between circles of latitude and of declination [lassing through 
it. To determine it in any jiroposed case, we must resolve 
tlie triangle P*SE, in which are given PS, P K, and the 
angle S ,P E, which is the ditference lietwcen the star’s right 
ascension and 18 hours, from which it is easy to find the 
angle P S E required. This angle is of use in many in- 
‘(iiiries In physical astronomy. It is called in most books 
on astronomy, tlie angle of position, but this expression 
has become otherwise and more conveniently appropriated. 
(See Art. 204.) 

(312.) The same course of observations by which the path 
of the flun among the fixed stars is traced, and tlie ecliptic 
marked out among them, determines, of course*, the filace of 
tlie equinox V (Fig. art. 30S.) upon the starry s[)herc, at 
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that time — a point of great iiaportnnce in practical astro- 
nomy, as it is the origin or zero point of right ascension. 
Now, when this process is repeated at considerably distant 
intervals of time, a very remarkable phenomenon is observed ; 
viz. that the equinox does not preserve a constant place among 
the stars, but shifts its position, travelling continually and 
iNigularly, although with extreme slowness, hachwardsy along 
the ecliptic, In the direction V W from east to west, or the 
contrary to that in wliich the sun appears to move in that 
circle. As the ecliptic and equinoctial are not very much 
inclined, this motion of the equinox from cast to west along 
the former, conspires (speaking generally) with the diurnal 
motion, and carries it, with reference to that motion, con- 
timially in advance upon the stars: henec it has ac([uired the 
Tiaine of the precession of the eejuinoxes^ because the place of 
the equinox among the stars, at every subsequent moment, 
precedes (with reference to the diurnal motion) that which it 
held the moment before. The amount of this motion by 
which the eipiinox travels backward, or retrogrades (as it is 
called\ on the ecliptic, is if 0' 5()T0'' per ammm, an ex- 
tremely minute quantity, but wliich, by its continual accu- 
mulation fi’om j ear to year, at last makes itself very ].)ulpaL)lo, 
and that in a way highly inconvenient to jiractical astronomers, 
by destroying, in the lapse of a moderate number of years, 
the arrangement of tlieir catalogues of stars, and making it 
necessary to reconstruct tlicm. Since the formation of the 
earliest catalogue on recor<l, the place of the equinox has re- 
trograded already about oO". The period in which it performs 
a couijdcte tour of tlie ecliptic, is 25,8(58 years. 

(313.) The immediate uranograjihical elfect of the pre- 
cession of the equinoxes is to produce a uniform increase of 
lomjitndc in all tlie heavenly bodies, whether fixed or erratic. 
For the vernal equinox being tlie initial point of longitudes, 
as well as of right ascension, a retreat of this point on the 
ecliptic tells upon tlie longitudes of all alike, whether at rest 
or in motion, and produces, so far as its amount extends, tin' 
oppeaxance of a motion In longitude common to all, as if the 
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w hole lieavciis had a slow rotation round the jjoles of the 
(Kdiptlc ui tlie long period above mentioned, siniiltir to wh^it 
tliey liave In twenty-lbnr hours rotind those of the equinoetial. 
"riiis increase of longitude, the reader will of course observii 
and bear in mind, is, |)roperly sjx^aking, neither i\ real nor an 
apparent nioverncnt of_ the .stars. It is a purely tcclinical 
result, arising from the gradual sliilfing of tlic zero point 
from which longitudes are reckoned. Had a fixed star been 
cliosen as the origin of longitudes, they would have been 
invariable. 

(314.) To form a just idea of this curious a>^trononncal 
phenomenon, however, we must ahandon, for a tiini', the 
considerarion of the ecliptic, as tending to jiroduce confusion 
in our ideas; for this reason, that the stalnlity of the cc]i|)tlc 
itself among the stars is (as already hinted, art. 306.) only 
ap[)roxiniate, and that in conse(|uence its intersection with the 
(equinoctial is lialde to a (xutain amount of change, arising 
IVom its iluctuation, which mixes itself witli what is diu^: tt* 
llie princij)al uranograpliical cause of the jihenoinciion. '^Idiis 
cause will become at once ajiparent, if, instead of regarding 
the e(piinox, wc fix our attention on tlie pole of tlic eqiiinoo 
tial, or the vanishing point of the cartlfs axis. 

(315.) The place of this point among the stars is easily 
determined at any epoch, by tlie most direct of all astrono- 
mica] observations, — those with the meridian or mural circle. 
IJy this insli'ument Ave are enabled to ascertain at eveiy 
moment the c*xaet distance of tlie polar point from any three 
or more stars, and thcrclore to lay it down, by triangii kiting 
from these stars, with unerring prexnsion, on a eliart or globe, 
without the least reference to the position of the cclijitic, or 
to any other cindc not naturally connected with it. Now, 
when this is done with proper diligence and exactness, it 
results that, although for short intervals of time, such as a 
few days, the place of tlic pole may be regarded as not sen- 
sibly variable, yet in reality it is in a state of constant, 
although extremely slow motion; and, what is still more re- 
markable, this motion is not uniform, but compouuded of 
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one principal, nnlfonti, or nearly uniform, part, and other 
smaller subordinate periodical fluctuations: the fornier 
olving rise to the phenomena of precession ; the latter to 
another distinct* phenomenon called rmtation. These two 
])henomena> it is true, behmg, theoretically speaking, to one 
and the same general head, and arc intimately connected 
together, fo7Tning part of a great and complieated chain of 
consequences flowing from the earth’s rotation on its axis: 
but it will be conducive to clearness at present to consider 
them separately 

(316.) It is found, then, that in virtue of the unifanu part 
of the motion of the pole, it describes a circle in the lu^avens 
around the pole of the ecliptic as a centre, keeping constautly 
at the same distance of 23° 28' from it in a direction fi'oni 
east to \vest, and with such a velocity, that the annual angle 
described by it, in this its imaginary orbit, is 501 0" ; sotliat 
the whole circle would be described l)y it in the above-men- 
tioned ])Ci‘iod of 25,868 years. It is easy to perceive how 
such a motion of the pole will give rise to the retrograde 
motion of the e([uinoxes; for in the figure, art. 308, suppose 
the polo ill l!ie progress of its motion in tlie small circle 
POZ round Iv to come to O, then, as the situation of the 
equinoctud 1CV(^ is determined by tliat of the pole, tliis, it is 
evident, must cause a (lisjJacement of the equinoctial, whieli 
will take a new situation, K U Q, 90° distant in every part 
from the new {position O of the pole. Tlie point U, there- 
fore, in winch the displaced equinoctial will* intersect tlie 
ecliptic, L e, tlie displaced equinox, will lie on tliat side of V, 
its original position, towards which the motion of the pole is 
directed, or to tlie westward. 

(317.) The precession of the equinoxes thus conceived, 
consiwsts, then, in a real but very slow motion of the [lole of 
tlie heavens among the stars, in a small circle round the pole 
of the ecliptic. Now this caiirmt happen witliout producing 
corresponding changes in the ajiparent diurnal motion of the 
sphere, and the aspect which tlie heavens must present at very 
remote periods oi* history. The pole is nothing more than 
^he vanishing jioint of* the earths axis As this point, then, 
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l.a« such a motion ns we luive describeil, it nccessaiily i’ollows 
tliiit tlie earth’s axis must liavc a conical inotion, in virtue of 
which it ])^>ints successively to every part of the small circle 
in quest iom We may lonn the best idea of sucli a motion 
hv noticing' a child’s peg-top 5 when it spins not ^upright, or 
that amusing toy the te-to-tunq which^ wlien delicately ex- 
ecuted, and nicely ladauced, becomes an elegant pbilosophiciil 
insrniment, and exhibits, in the most beautiful manner, tlie 
whole phenomenon, llie reader will take care not to con- 
found the variation of tlie of the eartli^ axis in spaee 
with a mere shifting of the iinagiiiary line about which it 
revohes, in its interior. The whole earth partlcijiatcs in the 
motion, and goes along with the axis as if it wen; renlly a 
bar oi* iron driven through it. That such is the case is proved 
by the twm great facts : 1st, that the latitudes of plac(^s on 
the earth, or their geographical situation with respect to the 
}>oles, have undergone no perccjitiblc cliangx; from tlie earliest 
ages. 2dly, that the sea maintains its level, wliicli could not 
be the case if the motion of the axis were not accompanieil 
w 1th a motion of the wdiole mass of the eartli.* 

(318.) The visible effect of pn ‘cession on the aspect of tin; 
heavens consists in tlie. apparent approach of some stars and 
constellations to tlic pole and recess of t>thers. The bright 
star of the LeSvSer llear, which we call the |)olo star, has not 
always been, iu»* w^Ill ahvays (H)Utiiuic to be, our cviiosiu'c. 
At the time of the construction of the earliest catalogues it 
was from* tlie pole — it is now only 1° 24', and will 
aiqtn^ach yet mxirei*, to Avitliin half a degna;, after which it 
will again recede, and slowdy give jdacc to others, which will 
succeed in its (‘.ompanionship to the jiole. After a lapse of 
about 1 2,000 years, the star a Lyra?, the brightest in tiie 
northern hemisphere, will occupy the remarkable situation of 
a pole star aiiproacliing within about 5"^ of the pole. 

(310.) At the date of the erection of the Great Pyramid 
of Gizeh, whicli precedes by 3070 years (say 4000^ the pre- 

* Local clianges of the sea level, arislu*; from purely f^eolo;;icai causes, arc 
easily riistin^uish-'d fioio that <reneral and svstonatic alteration wiiich a sliiftiiu' 
1-^ the axis ot rotalioii would rLe to. 
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sent epoch, the longiluiles of nil tlic stars were less by 55 
45' than at present. Calculating froni this datuin"^ the place 
of the pole of the lieaveiis among t)ie 'stars, it will be foiiii(.l 
to fall near a I)raconis ; its distance from that star being 
3"^ 44' 25^'. This being the ?nost conspicuous starf in tiieim-' 
mediate neigiibourhood was therefore the pole star at that 
epoch. And tlie latitude of Gizeli being just 3(f north, and 
conseipiently tlie altitude of the north pole there also 30"^, it 
follows that the star in (piestion must liavc had at its lower 
culminatioii, at Gizeli, an altitude of 26° 15' 35'". Now it is a 
r/nnarkable fact, ascertained by tlie late researches of CoL 
Vyse, that of the nine jiyrainids still existing at Gizeh, six 
‘(including all the largest) have the narrow jiassagcs by which 
alone they can be entered, (all which open out on tlie northern 
faces of their respe^ctive pyramids) inclined to the horizon 


downwards at angles as Ibllows. 

1st, or Pyramid of Clieops 
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Of the two pyramids at Ahousseir also, which alone exist 
in a state ol’ suthcieiit preservation to admit of the inclina- 
tions of their entrance passages being determined, one has 
the angle 27° 5\ the otlier 26°. 

(320.) At the bottom of every one of these passages tliere- 
fore, the then pole star must have been visible at its low<‘r 
ciilmiiiatlon, a circumstance which can hardly be supposed to 
have been unintentional, and was doubtless connected (per- 
ha|)s suyierstitioiisly) with the astronomical observation of that 
star, of whose proximity to the jiolc at the epoch of the erec- 

» On this calculation tlu* diminution of the ohliquity of the ecliptic In the 
dOOO years elapsed has no inilueuco. Tliat diminution arises from a change in 
the plane of the earth’s orhit^ and has nothing to do with the change in the 
position of its axisy as l ef erred to tlic starry sphere. 

I a Dracojiis is now xin ?rtCo«spictioiis star of the 4th magnitude, but there i# 
evidente to show that it was formerly brighter. 
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tion of these wonderful structures, wc arc thus furnished with 
a monumental record of* ihe most impcrisliablo nature. 

(321.) The nutation of the earth’s axis is a small and slow 
subordinate gyratory movement, by which, if subsisting 
alone, the iiole would describe among tlie stars, in a period of 
about nineteen years, a minute ellipsis, having itsTonger axis 
equal to 18"*5, and its shorter to 13"*74 ; tlie longer being 
directed towards the pole of the ecliptic, and the shorter, of 
couj'se, at right angles to it. Tlie conse(pience of this real 
motion of the pole is an apparent approach and recess of all 
the stars in the heavens to the pole in the same period. 
Since, also, the place of the equinox on the ecliptic is deter- 
mined by the place of the pole in the lieavcns, the same cause 
will give rise to a small alternate advance and recess of tlie 
equinoctial points, by which, in the same period, both 
the longitudes and the riglit ascensions of the stars will be 
also alternately increased and diminished. 

(322.) lloth these motions, however, although here con 
sidered separately, subsist jointly; and since, wiiile in virtue 
of the nutation, the pole is describing its little ellipse of 1 8'' *5 
in diametcT*, it is carried by tlie greater and regularly pro- 
gressive motion of jn ecession over so inucli of its circle round 
the pole of the ecliptic as corresponds to nineteen years, — 
that is to say, over an angle of nineteen times 5(y''l round 
the centre (which, in a small circle of 23"^ 28' in diameter, 
corresponds to 6^ 20^', as seen from the centre of the sjjhere) : 
tlie path which it will pursue in virtue of the two motions, 
subsisting jointly, will be neitlier an ellli)se nor an exact 
circle, but a gently undulated ring like tliat in the figure 
(where, however, the undulations are much exaggerated). 
(See Jig. to art. 325.) 

(323.) These movements of precession and nutation are 
common to all the celestial bodies, both fixed and erratic ; 
and this circumstance makes it impossible to attribute tliein 
to any other cause than a real motion of the earth’s axis 
such as wc have described. Did they only affect the stars, 
they might, with equal plausibility, bo urged to arise from 
a real rotation of the starry heavens, as a solid shell, roiin 1 
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an axis passing through the poles of the ecliptic in 25^868 
years, and a real elliptic gyration 6( that axis in nineteen 
years: but since they also affect tlie sun, moon, and planets, 
which, having nmtions independent of the general body of 
the stars, cannot without extravagance be supposed attached 
to the celestial concave*, this idea falls to the ground; ami 
there only remains, then, a real motion in the earth by which 
they m/i be accounted for. It will be shown in a subsequent 
chapter that they are necessary consequences of the rotation 
of the earth, combined with its elliptical figures and the 
unequal attraction of the sun and moon on its polar and 
equatorial regions. 

(324.) Uranograpliically considered, as affecting the ap- 
parent places of the stars, they are of the utmost importance 
in practical astronomy. When we speak of the right as- 
cension and declination of a celestial object, it becomes 
necessary to state what ejwch we intend, and wliether we 
mean the mean right ascension — (deared, that is, of the 
j)eriodical flnctuation in Its amount, wliicli arises from nutation, 
or the apparent right ascension, which, being reckoned from 
the actual place ol* the vernal ecjulnox, is affectial by tlie 
periodical advance and recess of the equinoctial point pro* 
duced by nutation — and so of the other elements. It is 
the practice of astronomers to reduce, as it is termed, all 
their observations, both of right ascension and declination, to 
some common and convenient epoch — such as the beginning 
of the year for temporary purposes, or of the 'decade, or the 
century for more permanent uses, by subtracting from them 
the whole effect of precession in the interval ; and, moreover, 
to divest them of the influence of nutation by investigating 
and subducting the amount of change, both in right ascension 
and declination, due to the displacement of the pole from 
the centre to the circumference of the little ellipse al)Ove 
mentioned. This last process is teclinically termed correcting 

* This argument, cogent as it is, acquires additional ajul decisive force from 
the law of nutation, which is dependent on the position, for the time, of tl)e 
lunar orbit. If we attribute it to a real motion of the celestial sphere, we muse 
then maintain that sphere to be kept in a constant state of tremor by the inotioo 
of .' he mtK)n 1 
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or €(piaiin(j tlio observation for nutation; by wlii(!li Litter 
word is always understood, in aslronoiny, the getting rid of 
a jieriodieal cause of fluctuation, and })resenting a result, not 
it wm observed, Init as it would liave been obKserve<l, liad 
that cause of fluctuation liad no existence. 

(325.) For these purposes, in tlic present case, very con- 
venient fonnuhe have been derived, and tables constructed. 
They are, liovvevcr, of too technical a character for this 
vawk; we shall, however, point out the manner in which 
the investigation is conducted. It has been/' shown In art. 
309. by what means the riglit ascension and declination of an 
object are derived from its longitude and latitude. Referring 
to the figure of tliat article, and sujiposiug the tri;ingle 
K PX orthographically projected on the ])lanc of the ecliptic 
as in the annexed figure: in the triangle K PX, KP is the 
oblirpiity of tlie ecliptic, KX the co-latitude (or corupleinent 
of latitude), and the angle PKX the co-longitude of the 
ohjeet X. Idiese are the of our (jucstion, of which tlie 
second is constant, and the other two are varied by the effect 
of pi'ccession and nutation : and their variations (considering 
tlie minuteness of the latter effect generally, and the small 
nuiiiher of years in comparison of the whole period of 25,868, 
for Avhich we ever require to e^ftimatc tlie elfect of the 
former,) are of that order 
wliich may be I'cgarded as 
iniinitesinial in geometry, 
and treated as six*h without 
iear of error, I’hc whole 
(piestion, then, is reduced 
to tliis : — In a spheriftal 
triangle K PX, in which 
^)ue side K X is constant, 
and an angle K, and ad- 
jacent side K P vary by 
given infinitcsiinal changes 
oi‘ the position of P: re- 
quired tlie changes thence arising in the other side P X, and 
I he angle K PX. This is a very simple and ('asy probhan of 
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Spherical geometry, and being resolved, It gives at once tlic 
reductions we arc seeking; for PX being tlie polar distance 
of the object, and the angle K PX its right ascension phiH 
90*^, their variations are the very quantities wc seek. It only 
remains, then, to express In proper foimi the amount of the 
precession and nutation in limgitude and latitude^ when their 
amount in riglit ascension and declination will inunediately 
be obtained. 

(32(k) The precession in latitude is zero, since the latitudes 
of objects are not changed by it ; that in longitude is a quan- 
tity proportional to the time at the rate of 5(y'T0 per aniuirn. 
With regard to the nutation in longitude and latitude^ tliese 
are no other than the abscissa and ordinate of the litll(3 
ellipse in which the pole moves. The law of its motion, 
however, therein, caijnot be understood till the reader lias 
been made acquainted with the principtd Icatures of the 
moon’s motion on which it depends. 

(327*) Another consequence of what has hecii shown 
respecting precession and nutation is, that sidereal time^ as 
astronomers use it, i, c. as reckoned from the transit of tlie 
equinoctial point, Is not a. mean or uniformly flowing quantity^ 
being affected by nutation; and, moreover, lliat so reckoned, 
even when cleared of the p(iriodieal fluctmition of nutation, 
it does not strictly correspoml to the eartli’s diurnal rotation. 
As the sun loses one day in the year on the stars, by its 
direct motion in longitude; so the e<|iiinox one day in 

2;),868 years on them by its r(drogmdatkm. We ought, 
therefore, as carefully to distinguish between mean and 
apparent sidereal as between mean and apparent solar time. 

(328.) Neither precession nor nutation change the apparent 
places of celestial objects inter se. We see them, so far as 
these causes go, as they are^ though from a station more or 
less unstable, as we see distant land olqects correctly formed, 
though apjiearing to rise and fall when -viewed from the 
heaving deck of a ship in the act of pitelilng and rolling* 
But there is an optical cause, independent of refraction or of 
perspective, which disj)laces them one among the other, and 
causes us to view tlic heavens und(.‘r an asjiect always to a 
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certain slight extent false; and whose influeiK^e must be 
estimated and allowed lor before we can obtain a [)recise 
knowledge of the place* of any object. This cause is what 
is called the aberration of light; a singular, and surprising 
eflfect arising from this, that we occupy a station jiot at rest 
but in rapid motion ; and that the apparent directions of the 
rays of light are not the same to a spectator in motion as to 
one at rest. As the estimation of its eliect belongs to 
uranography, we must explain it here, though, in so doing, 
wc must anticipate some of the results to be detailed la 
eubseq u en t chapters. 

(329.) Suppose a shower of rain to fall perpendicularly in a 
dead calm; a person exposed to the shower, wlio should stand 
quite still and upright, would receive the dro[)s on his hat, 
which would thus shelter him, but if he ran forward in any 
direction they would strike him in the face. Tlie effect 
would be the same as if he remained still, and a wind sliould 
arise of tlie same velocity, and drift them against him. 
Suppose a ball let fall from a point A above a horizontal line 
E F, and that at B were placed to receive it the open mouth 
of an inclined hollow tube P Q ; if the tube were held im- 



moveable the ball would strike on its lower side, but if tlie 
tube were carried forward in the direction E F, with a 
velocity properly adjusted at every instant to tluit of the ball, 
while jnesermjuj its inclinatum to the horizon, so that wlien 
tlie ball in its natural descent reached C, tlie tube should 
liave been carried into the position K S, it is evident that 
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ball wolilil, tlirougliout its whole dcvscent, be found in the 
axis of the tube ; and a spectator referring to the tube the 
motion of the ball, and carried along with the former, uncon- 
scious of its motion, would fancy that tlie ball had been 
moving in. the inclined direction 11 S of the tube’s axis. 

(330.) Our eyes and tclesco[)es are such tubes. In what- 
ever manner we consider liglit, whether as an advancing 
wave in a motionless ether, or a shower of atoms teiversing 
space, (provided that in botli cases we regard it as absolutely 
incapable of suffering resistance or corporeal obstruction from 
the particles of tranvspareiit media traversed by it^, ) if in tlie 
interval between the rays traversing the object glass of the 
one or the cornea of the other {ot which moment they acquire 
that convergence which directs them to a certain point injixrd 
$pace\ and their arrival at their f’oeus, the cross wii-(5s of the 
one or the retina of the other be slipped aside, tlie point of 
convergence (which remains unchanged) will no longia* cor- 
respond to the intersection of tlie wires or tlie central point 
of our visual area. The object then will appear displaced ; and 
the amount of this disfilacement is aberration, 

(331.) The earth is moving through space with a velocaty 
of about 19 miles per second, in an elliptic path round tlie 
sun, and is therefore changing the direction of its motion at 
every irivstaut. Light travels with a velocity of 192,OOi) 
miles per second, which, although much greater than that of 
the eartli, is yet not infinitely so. Time is occujiied by it in 
traversing any space, and in that time the eJarth describes a 
space which is to the former as 19 to 192,001), or as tlie 
tangent of 20"*5 to radius. Suppose now A P S to i*e|;>rcsent 
a ray of light from a star at A, and let the tube P Q be that 
of a telescope so inclined forward that the focus formed by 


* This condition is indispensable. Without it we fall into all those diffi- 
culties which M. Doppler has so well pointed out in bis paper on Aberration 
(Abhandlunfren der k. boemischen Gesellschaft der Wissensehaften. Folge V. 
vol, iii.). It’ light itself, or the luminiferous ether, be corporeal, the condition 
insisted on amounts to a formal surrender of the dogma, either of tlie extension 
or of the impenetrability of matter; at least in the sense in which those terms 
have been hitherto used by nietaphysiciaiM- At the point to which science is 
arrived, probably (ew will be found disposed to maintain either the one or the 
other. 
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object gla?s sluill l>ei received upon its cross wire, it is 
evident from Avduit has been said, that the inclination of the 
lube must be such as to make PS: S Q: : velocity of light : 
velocity of tlie earth : : I : tan. 20"*5 ; and' therefoi-c, the 
angle S P Q, or P S R, by which the axis of tlut telescope 
innst deviate from the true direction of the star, must be 


20 ''‘ 5 . 

(332.) A similar reasoning will hold good when the direc- 
tion of the earth’s motion is not perpendicular to the visual 
ray. If S li be the true direction of the visual ray, and A C 


the ])osition in which the telescope 
]-(M|uires to be lield in the apparent 
direction, we must still have the pro- 
portion B C : B A : : velocity of 
light: velocity of the earth :: rad. : 
sine of 2()''*5 (for in vsuch small angles d 



it matters not whether we use the 


sines or tangents). But we have, also, by trigonometry, 
B C : B A : : sine of B A C: sine of A C B or C B which hi^t 
is the apparent displacement caused by aberration. Thus it 
appears that the sine of the aberration, or (since tlie angle is 
extremely small) the al)eiTation itself, is projxn’tional to the 
sine of the angle made by the earth’s motion in space Avdth 
the visual ray, and is therefore a maximum when the line of 
sight is perj)endjciilar to the direction of the earth’s motion. 

(333.) The uranographical effect of aberration, then, is to 
distort the aspect of the heavci>s, causing all the stars to 
crow d as it Avere directly towards that point in the heavens 
wliich is tlic vanishing j)oint of all lines parallel to that in 
A\diich the earth is for the moment moving. As the earth 
Tnov(‘s round the sun in the plane of the ecliptic, this point 
nmst lie in that plane, 90^ in advance of the cai th’s longitude, 
or 90° behind the sun's, and shifts of course continually, de- 
scribing the circumference of the ecliptic in a year. It is easy 
to demonstrate that the effect on eacli particular star will be 
to make it apparently describe a small ellipse in the heavens, 
having for its centre the point in which the star would be 
t^ceii il the cartfi were at rest. 
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(334.) Aberration then affects the aj)parent right ascen- 
sions and declinations of all the stars, and that by quantities 
easily calculable. The formulic most convenient for that 
purpose, and which, systematically embracing at the same 
time the oorrections for precession and nutation, onalile the 
observer, with the utmost readiness, to disencumber his 
observations of right ascension and declination of their in 
tluence, liave been constructed by Prof. Bessel, and tabulated 
in the appendix to the first volume of the Transactions of the 
Astronomical Society, where they will be found accompanied 
with an extensive catalogue of the places, for 1830, of the 
j>rinci])al fixed stars, one of the most useful and best arranged 
works of tlie kind which has ever appeared. 

(335.) Wlien the body from which the visual i^ay emanates is 
itself in motion, an cflect arises which is not properly speaking 
aberration, though it is usually treated under that head 
in astronomical books, and indeed confounded with it, to tlie 
|)roduction of some confusion in the mind of the student. 
The effect in question (which is independent of any theoretical 
views respect ing the nature of light*) may be cxj)laincd as 
follows. The ray by which we sec any object is not tliat 
Avliich it emits at the moment we look at it, but that which it 
did emit some time before, viz, the time occupied by light in 
traversing the interval which separates it from us. The 
al)crratioii of such a body then arising from the earth's 
velocity must be applied as a correction, n<jt to the line join- 
ing the earth’vS place at the moment of obsciwation witli that 
occupied by the l)ody at the same moment, but at that ante- 
cedent instant wlieu the ray quitted it. Hence it is easy 
to derive the rule given by astronomical writers for the case 

* Tlie results of the undnhitory and corpuscular theories of light, in the 
matter of aberration are, in rlie iiiaiii, the sruric. We say in the main, I here 
is, however, a minute di'rereiice even of numerical results. In the undulatory 
doctrine, the propagation of light takes ))lace witli equal velocity in all direc- 
tions, whetiu'r the inminary be at rest or in motion. In the corpuscular, with 
an excess of velocity in the direction of the motion over that in the contrary 
equal to twice the velocity ot the body’s motion. In the cases, then, of a body 
m. vii;-;;: with equal velocity directly to and directly from the earth, the aberra- 
tions will he alike on the ninlulatory, but diirerenl on the corpuscular hypothesis. 
I'he utmost difiereuce which can arise from this cause in our auaem • annol 
.■mount to ahov'e .six I liou.'.an«hh^ of a .'vcond 
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of a moving object. From the known laws of its motion and 
the eartlis, calmlate its apparent or relative amjular rnoilon in 
the time taken hy light fo traverse its distance from the eartJu 
This is the total amount of its apparent misplaceynent Its 
effect is to displace the body observed in a direction contrary 
to its apparent niotion in the heavens. And it is a compound 
or aggregate effect consisting of two parts^ one of wliicli is 
the aberration, properly so called, resulting from the composi- 
tion of the earth’s motion with that of light, the other being 
what is not inaptly termed tlie Equation of lights being tlio 
allowance to be made for the time occupied by the light in 
traversing a variable space. 

(336.) The complete Reduction^ as it is called, of an astro- 
nouilcal observation consists in applying to the place of tlie 
ol)served heavenly body as read off on tlie instnmients (sup- 
posed pca’fect and in p(irfcct adjustment) five distinct and 
liidependcnt corrections, viz. those for refraction, parallax, 
aberration, precession, and nutation. Of these the correc- 
tion for refraction enables us to declare wliat would laive 
been the o]>served place, were there no atmosphere to 
displace it. That for parallax enables us to say from its 
place observed at the surface of the earth, where it would 
have been seen if observed from the centre, Tliat for fiberra- 
tion, where it would have been observed from a motionless, 
instead of a moving station : while the corrections for pre- 
cession and nutation refer it to fixed and determinate instead 
ol‘ constantly varying celestial circles. The great importance 
of tlnese corrections, which pervade all astronomy, and have 
to be applied to every observation before it car be employed 
for any practical or theoretical purpose, renders this recapitu- 
lation far from siiperlluous. 

(337.) licfraction has been already sufficiently explained. 
Art. 40. and it is only, therefore, necessary here to add that 
in its use as an astronomical correction its amount must be 
applied In a contrary sense to that in which it affects the 
oV)Scrva4lon ; a rcrnaik equally applicable to all other cor- 
rections. 

( 338.) The general natuix of parallax or rather of pai al- 
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huUic iiU)tloii has also been explained in Art. 80. But 
parallax in the uraiiographical sense oF llie word has a more 
lechrucal meaning. It is understood to express that optical 
displacement of a body observed which is due to its being 
observed, iiQt from that point which we have fixed upon as a 
conventional central station (from which we conceive the 
a[)parcnt motion would be more simple in its laws), l)ut from 
some other station remote from such conventional centre : not 
trom the centre of the earth, for instance, but from its sur- 
face : not from the centre of the sun (whi(*h, as we shall 
hereafter see, is for some purposes a preferjthle conventional 
station), but from that of tlie eartli. In the former case 
‘ tliis optical dis}>lMcement is called the diurnal or geocentric 
parallax; in the latter the or hcliocenti ie. In either 

case })arallax is the correction to be ajiplied to the apparent 
])lace ot* tlic lieavenly body, as actually seen from tlie station 
of observation, to rediLcc it to its place as it would have been 
s(ien at tliat instant from the conventional station. 

(^139.) Tlie diurnal or geocentric parallax at any place of 
the eartlfs surface is easily calculated if wo know the distance 
of the body, and, vice versa, if wc know the diurnal parallax 
tliat distance may be calculated. For supposing S the object, 
C the centre of the earth, 

A the station of ol)servation 
at its surface, and C A Z 
the direction of a perpen- 
ilicular to the surface at A, 
then will the object be seen 
from A in tlie dir(;‘Ction A S, 
and its apjnirent zenith dis- 
tance will be Z A S ; 

^ whereas, if seen from the 
centre, it will app(:ar in the 
direction C S, with an an- 
tiular distance from the 
zenith of A equal to Z C S; 
so that ZAS — ZeS or A SC is the parallax. ^^ow 

since by trigonometry C S : C A :: sin C A S sin 
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X sin Z A S. 


Z A S : sin A S C, it follows that the sine of the parallax 
_ Kadins of earth 
DivStance of body 
(340.) The diurnal or geocentric parallax, therefore, at a 
given place, and for a given distance of the body observed, 
is proportional to the sine of its apparent zenith distance, and 
is, therefore, the greatest when the body is observed in the 
act of rising or setting, in which case its parallax is called 
its horizontal parallax, so that at any other zenith distance, 
parallax = horizontal parallax x sine of apparent zenith 
distance, and sirifee A C Sis always less than Z A S it appears 
that tlie application of the reduction or correction for parallax 
always acts in diminution of the apparent zenith distance or 
increase of the ayiparent altitude or distance from the Nadir, 
i, e. in a contrary sense to that for refraction. 

(341.) In precisely the same manner as the geocentric or 
diurnal parallax refers itself to the zenith of the observer 
for its direction and quantitative rule, so the heliocentric or 
annual parallax refers Itself for its law to the point in the 
heavens diametrically opposite to the place of the sun as seen 
from the earth. Applied as a correction, its effect takes place in 
a plane passing through the sun, the eartli, and the observed 
body. Its elfect is always to decrease its observed distance 
from that jioint or to increase its angular distance from tlie 
sun. And its sine is given by the relation, DivStance of the 
ol>served body from the sun : distance of the eartli from the 
suii::siue of itjiparent angular distance of tlie body from 
tlie sun (or its apparent elonyation) i sine of lieliocentric 
jiarallax, 


(342.) On a suminary view of the whole of the urano- 
graphical corrections, they divide themselves into two classes, 
tliose which rfc, and those which do not^ alter the a|>[>arent 
configurations of the heavenly bodies inter se. Tlie former 
are realy the latter technical corrections. The real corrections 
arc refraction, aberration and parallax. The technical are 


* account of tlu* law of heliocentric parallax ia in anticipation of \vhat 

follows Ml a subsequent chapter, and will be better understood by the studiuit 
vwheii somewhat farther advanced. 
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prece.ssion and nutation, unless, indeed, we clioose to consider 
parallax as a technical correction introduced with a view to 
simplification by a better choice of our point of sight. 

(343.) The coirrections of the first of these classes have 
one peculiarity in respect of their law, common to them all, 
which the student of practical astronomy will do well to fix 
in his memory. They all refer themselves to definite apexes 
or points of convergence in the sphere. Thus, refraction in its 
apparent effect causes all celestial objects to draw together or 
converge towards the zenith of the observer : geocentric pa- 
rallax, towards his Nadir : heliocentric, towtols the place of 
the sun in the heavens : aberration towards that point in the 
celestial sphere which is the vanishing point of all lines pa- 
rallel to the direction of the earth’s motion at the moment, or 
(as will be hereafter explained) towards a point in the great 
circle callv'd the ecliptic, 90^ behind the sun’s place in that 
circle. ^Vlien applied as corrections to an observation, these 
directions are of course to be reversed. 

(344.) In the quantitative law, too, which this class of cor- 
rections follow, a like agreement takes place, at least as 
regards the geocentric and heliocentric parallax and aberra- 
tion, in all three of wliicli the amount of the coiTCction (or 
more strictly its sine) increases in the direct proportion of the 
ginc of the a])pa rcnt distance of tiie observed body from the apex 
appropriate to the particular correction in question. In the 
case of refraction the law is less simj)le, agreeing more nearly 
wdth the tangent than the sine of that distance, but agreeing 
with the others in placing the maximum at 90"^ from its apex. 

(345.) As respects the order in which these corrections are 
to be apidied to any observation, it is as follows: 1. Refraction ; 
2. Aberration ; 3. Geocentric Parallax ; 4. Heliocentric Pa- 
rallax; 5. Nutation; 6. Precession, Such, at least, is the 
order in theoretical strictness. But as the amount of aberra- 
tion and nutation is in all cases a very minute quantity, it 
matters not in what order they are applied ; so that for prac- 
tical convenience they are always thrown together with the 
precession, aud applied after the others. 
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CHAPTER VL 

OF THE sun’s motion AND PlirSICAL GONSTITUTION. 

APPARENT MOTION OF THE SON NOT UNIFORM. ITS APPARENT 

DIAMETER ALSO VARIARLE. \^\RIAT10N OF ITS DISTANCE CON- 
CLUDED. ITS APPARENT ORBIT AN ELLIPSE ABOUT THE FOCUS. 

LAW OP THE ANGULAR VEI.OCITY. EQUABLE DESCRIPTION 

OF AREAS. PARALLAX OF THE SUN. ITS DISTANCE AND MAG 

NITUDE. COPERNICAN EXPLANATION OF THE SUN’s APPARENI 

MOTION. PArIlLELISM OF THE EARTH’s AXIS. THE SEASONS. 

— HEAT REGEIYED FROM THE SUN IN DIFFERENT PARTS OF THE 

ORBIT. EFFECT OF EXCENTRICTTY OF THE ORBIT AND POSITION' 

OF ITS AXIS ON CLIMATE. — MEAN AND TRUE LONGITUDES OF THE 

SUN. EQUATION OF THE CENTRE. SIDEREAL, TROPICAL, AND 

ANOMALISTIC YEARS. PHYSICAL CONSTITUTION OF THE SUN. — 

ITS SPOTS, FACULA:. — I*ROBABLE NATURE AND CAUSE OF THE 

SPOTS. — I?KCENT DISCOVERIES OF MR. DAWES. — OP MR. NASMYTH. 
— P.OrATION OF THE SUN ON ITS AXIS. ITS ATMOSPHERE. SUP- 
POSED CLOUDS. PERIODICAL RECURRENCE OF A MORE AND LESS 

SI’O rTED STATE OF ITS SURFACE. TEMPERATURE OF ITS SURFACE. 

— ITS EXPENDITURE OF HEAT. PROBABLE CAUSE OF SOLAR 

L'ADTATION. 

(346.) In the foregoing chapters, it has been sliown that the 
apparent path of the sun is a great circle of‘ the splicre, which 
it perforins in a period of one sldex'eal year. From this it 
follows, that the line joining the earth and sun lies constantly 
in one plane ; and that, therefore, whatever be the real motion 
from which this apparent motion arises, it must be confined 
to one plane, ^vhich is called the plane of the ecliptic, 

(347.) We have already seen (art. 146.) that the sun’s 
motion in right ascension among the stars is not uniform, 
dills is partly accounted for by the obliquity of the ecliptic^ 
in consequence of which equal variations in longitude do not 
correspond to equal changes of right ascension. But if we 
observe the jikice of the sun daily throughout the year, by 
the transit and circle, and from these calculate the longitude 
for each day, it will still be found that, even in its own proper 
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path, its apparent angular motion is far from uniform. The 
change of longitude in twenty-four mean solar hours iweraf/rs 
O*’ 59' 8"'33 ; but about the 31st of December it amounts to 
y 9'''9, and alxnit the 1st of July is only O'" 57' ll"*5. 
Such are the extreme limits, and such the mean value of the 
sun’s apparent angular velocity in its annual orbit. 

(348.) This variation of Its angular velocity is accompanied 
with a corresponding change of its distance from us. The 
change of distance is recognized by a variation observed to 
take place in its ap[)arcnt diameter, when measured at difter- 
ent seasons of the year, with an instrument adajjted for that 
purpose, calked the hdiometer^y or, by calculating from the 
time which its disc takes to traverse the ^ineridian in the 
transit instrument. The greatest apparent diameter corre- 
sponds to the 1st of January, or to tlie greatest angular 
velocity, and measures 32' 36 '^*2, the least is 31' 32"*() ; and 
corresponds to tlie 1st of July; at which epochs, as wc have 
seen, the angular motion is also at its extreme limit either 
way. Now, as w^e cannot suppose the sun to alter its real 
size periodically, the observed chtinge, of its apparcMit size can 
only arise from an actual change of distance. And the 
sines or tangents of such small arcs being proportional to 
the arcs themselves, its distances from us, at the above-named 
epocli, must be in the inverse proportion of the apparent 
diameters. It appears, therefore, that the greatest, the 
mean, and the least distances of the sun from us arc 
res])eetiv<; proportions of the numbers TO 1 67 9, *1 00000, a.nd 
0*98321; and that its a|)i)arent angular velocity diminishes 
as the distance increases, and vice versa. 

(349.) It follows from tliis, that the real orbit of the sun, 
as referred to the earth supposed at rest, is not a circle with 
the earth in the centre. The situation of the earth within it 
is excentricy the excentricity amounting to 0*01679 of the 
mean distance, which may be regarded as our unit of measure 
ill this inquiry* But besides this, the form of the orbit is 
not circular, but elliptic. If from any point O, taken to 
represent the earth, we draw a line, O A, in some fixed 


• Haios the iun, and to 'ofiisun* 
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direction, from which we then set off a series of tingles, 
A 0 B, A O C, &c. equal to the observed longitudes of tlie 
sun throughout the year, and in 
these respective directions mea- 
sure off from 0 the distances 
O A, O B, O C, representing ^ 
the distances deduced from the 
observed diameter, and then con- 
nect all the extremities A,B, C, 

&c. of these lines by a continuous curve, it is evident this will 
be a correct re|)resentatIori of the relative orbit of the sun about 
the eartli. Now, when tliis is done, a deviation from the cir- 
cular figure in the resulting curve becomes apparent ; it is found 
to be evidently longer tlian it Is broad — that is to say, ellip- 
tic, and the point O to occupy, not the centre^ but one of the 
foci of the elH{)se, The gra|)hical jiroccss here described is 
sufficient to point out the general figure of the curve in ques- 
tion ; but for the pur})oses of exact verification, it is necessary 
to recur to the properties of the ellipse*, and to express the 
distance of any one of its points in terms of the angular situ- 
ation of that point with respect to the longer axis, or diameter 
of the ellipse. This, however, is readily done: and wJicn nu- 
merically calculated, on the supposition of the exccntricity 
l>eing such as above stated, a perfect coincidence is found to 
subsist between tlie dlslances thus computed, and those de- 
rived from tlie measurement of the apparent diameter. 

(350.) The, mean distance of the earth and sun being taken 
for unity, tlie extremes are 1*01679 and 0’98321. But if we 
compare, in like manner, the mean or average a^igular velocity 
with tlie extremes, greatest and least, we shall find tlicse to 
be in the proportions of 1*03386, TOOOOO, and 0*96670. 
The variation of the sun’s angular velocity^ then, is much 
greater in proportion than that of its distance — fully twice 
as great ; and if we examine its numerical expressions at dif- 
ferent periods, comparing them with the mean value, and also 
with the corresponding distances, it will be found, that, by 

♦ See Conic Sections, by the Rev. H. P. Hamilton, or any other of the vtry 
numerous works on this subject. 
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whatever fraction of its mean value the distance exc* cds the 
mean, the angular velocity will fall short of Us mean or average 
quantity by very nearly twice as great a (raotion of the latter, 
and vice versa. Hence v/o are led to conclude that tlie angular 
velocitg is In the inverse proportion, not of the distance simply, 
but of its square ; so that, to compare the dally motion in 
longitude of the sun, at one point. A, of its path, with that 
at B, we must state the proportion thus : — 

O : O :: daily motion at A : daily motion at B. 
And this is found to be exactly verified in ev<ny part of the 
orbit 

(351.) Ilencc we deduce another remarkable conclusion — 
’viz. that if the sun be supposed really to move around the 
eircurnfin’ence of this ellipse, its actual speed cannot be uni- 
form, but must be greatest at its least distance and less at its 
greatest. For, were it imiforiri, the ajjparerit angular velocity 
would be, of course, inversely |)roportional to the distance ; 
simply because the same linear change of place, being j)roduced 
in the same time at different distances from the eye, must, 
by the laws of perspective, correspond to apparent angular 
displacements inversely as those distauces. Since, then, 
observation indicates a more rapid law of variation in the 
angular velocities, it is evident that mere change of distance, 
unaccompanied with a cliange of actual speed, is insufficient 
to account for it ; and that the increased proximity of the sun 
to the earth must be accompanied with an actual increase of 
its real velocity of motion along its patli. „ 

(352.) This elliptic form of the sun’s path, the exceiitiio 
position of the earth within it, and the unequal speed with 
which it is actually traversed by the sun itself, all tend to 
render the calculation of its longitude from theory (/. e. fVoyn 
a knowledge of the causes and nature of its motion) difficult ; 
ajid indeed impossible, so long as the law of its actual velocity 
continues unknown. This laio^ liowever, Is not immediately 
apparent. It does not come forward, as it were, and present 
itself at once, like the elliptic form of the orbit, by a direct 
coiujiarlson of angles and distances, but requires an attentive 
consideration of tlie whole series of observations registered 
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during an entire period. It was not, therefore, witliout much 
painful and laborious calculation, that it was dis(*overed by 
Kepler (who was also* the first to ascertain the elliptic form 
of the orbit), and announced in the folio wmg terms: — Let a 
line be always supposed to connect the sun,, supposed in 
motion, with the earth, supposed at rest; then, as the sun 
moves along its ellipse, tliis line (which is called in astronomy 
the radius vector) will deserthe or sweep over that portion of 
the whole area or surface of the ellipse which is included 
between its consecutive positions ; and the motion of tlie sun 
Avill be such that equal areas are tlius swept over by the rci- 
volving radius vector in equal times^ in wdiatcver part of the 
circumference of the ellipse the sun may be moving. 

(353.) From this it necessarily follows, that in z/?/e(]ual 
times, the areas described must be pi’oportional to tlie times. 
Thus, in the figure of art. 349. the time in which tlie sun 
moves from A to B, is to the time in which it moves from (J 
to D, as the area of the elliptic sector A O B is to the are a 
of the sector D O C. 

(354.) The circumstances of the sun’s apparent annual 
motion may, therefore, be summed np as follows: — It is 
performed in an orbit lying in one plane passing through the 
earth’s centre, called the plane of the ecliptic, and whose ])i*o - 
jcction on the heavens is the great circle so called. In this 
plane its motion is from west to east, or to a spectator look- 
ing down on the plane of the elliptic from the northern side*, 
in a direction, the reverse of tliat of the hands of a Avatch 
laid face uppermost. In this plane, however, the actual 
path is not circular, but elliptical; having the earth, not in 
its center, but in one locus. The cxeentricity of this ellipse 
is ()’01679, in parts of a unit equal to the memi dlstemce^ or 
half the lonr/er diameter of the ellipse ; i, e, about one sixtieth 
part of that semi-diameter; and the motion of the sun in its 
circumference is so regulated, that equal areas of‘ the ellipse 
are passed over by the radius vector in equal times. 

(355.) What we have here stated su])poscs no knowdedge 
of the sun’s actual distance from the earth, nor, consequently, 
of the actual dimensions of its orbit, nm' of the body of the 
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t^uri iti^clf. To eoino to uny conclusions <>n these points, u'<; 
must first consider by what means we can arrive at any 
lcnowlo.di>*{^ of the distance of an object to which we have \n^ 
access. Now, it js obvious, that \\s par (dhtx alone can afford 
iis any infbniiatloii on tliis subject. >Su[>])Osc P A B (J, to 
represent the earth, C its centre, and S the sun, and A, B 



two situations of a spectator, or, which comes to the same 
thing, the stations of two spectators, both observing the? sun 
S at the saivHi instant. The spectator A avIII see it in the 
direction A Sa, and will refer it to a j)oint a in the infinitely 
distant sphere of the fixed stars, while the spectator li will 
see it in the direction B S and refer it to />. Tlie angle 
included between these directions, or the measure of the 
celestial are a />, by wliich it is displaced^ is equal to tlio angle 
A S B ; and i(‘ lliis angle be known, and the local situations 
ol* A and B, >\ lth the part of the earth’s surface A B included 
between them, It is evident that tlie distance C S may be 
ealeulatcd. Now, since A S C (art, 339 ) is tlie parallax of 
the sun as seen from A, find S C as seen from .B, tlui angle 
A S B, or the total a|)parent dispdaeemoiit is the sum of tlie 
two jiarallaxes. Suppose, then, two observers — one in the 
northern, the otlier in tiie southern heinispliere — at stations 
on tlie same meridian, to observe on the same dfiy tlie meridian 
fiititudevS of the suns centre. Having thence derived tlie 
aj)pfirent zenith distiinces, and elefired tlieni of the eff'ects of 
refraction, if the distance of the sun were equal to that of the 
fixed stars, tlie sum of the zenith distances thus found would 
be precisely equal to the sum of the hititudes nortli and south 
of the places of observation. For the sum in question would 
then be equal to the angle Z C X, which is the meridioutil 
distance of the stations across the equator. But the 
of paraJJnx being in botji Citses to iuereaso the a]>]>arent zc-nidi 
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distances, their observed sum will be greater than the sum 
of the latitudes, by the sum of the two parallaxes, or by t lu; 
angle A S B. This angle, then, is obtained by sul;>duetiug 
the sum of the north and south latitudes from that of the 
zenith distances; and tliis once determined, tha horizontal 
parallax is easily found, by dividing the angle so determined 
by the sum of the sines of the two latitudes. 

(356.) If the two stations be not exactly on the same 
meridian (a condition very difficult to fulfil), the same process 
will apply, if we take care to allow for the cliange of the sun’s 
actual zenith distance in the interval of time elapsing between 
its arrival on the meridians of the stations. This change is 
readily ascertained, either from tables of the sun’s motion, 
grounded on the experience of a long course of observations, 
or by actual observation of its meridional altitude on several 
days before and after that on which the observations for 
jnirallax are taken. Of course, the nearer the stations are to 
each other in longitude, the less is this interval of time, and, 
consequently, the smaller the amount of tliis correction ; and, 
therefoi'c, the less injurious to the accuracy of tlic final result 
is any uncertainty in the dally change of zenith distance 
which may arise fr*om imperfection in the solar tables, or in 
the observations made to determine it. 

(357.) The horizontal parallax of the sun has been con* 
eluded from observations of the nature above described, per- 
formed in stations the most remote from each otlicr in latitude, 
at which observatories have been Instituted. It has also been 
deduced from other methods of a more refined nature, and 
susceptible of much greater exactness, to be hereafter de- 
scribed. Its amount so obtained, is about Minute as 

this quantity is, there can be no doubt that it is a tolerably 
correct approximation to the truth; and in conformity with it, 
we must admit the sun to be situated at a mean distance 
from us, of no less than 23984 times the length of the 
.earth’s radius, or about 95000000 miles. [See Note F,] 

(358.) That at so vast a distance the sun should appear to 
ns of the size it does, and should so powerfully influence our 
condition by its heat and light, requires us to form a very 

Q 
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grand conception of Itrf actual magnitude, and of the scale on 
wliich those important processes are carried on within it^ by 
which it is enabled to keep up its liberal and unceasing supi>ly 
of these elements. As to its actual magnitude we can be at 
no loss, knowing its distance, and the angles under which its 
diameter a|)pears to us. An object, jdaced at the distance of 
95000000 miles, and subtending an angle of 32' 1", must have 
a real diameter of 882000 miles. Such, then, is the diameter of 
this stupendous globe. If we conii)are it with what weha\ e 
already ascertained ot' the dimensions of onr own, we shall 
find that in linear uiagnitnde it exceeds the earth in the pro- 
portion 111 I to I, and in bulk in that of 1384472 to 1. 

(359.) It is hardly possible to avoid tissociating our con- 
ception of an object of definite globular figure, and of such 
enormous dimensions, with some corresponding attribute of 
massiveness and material solidity. That the sun is not a 
mere phantoiu, but a body having its own peculiar structure 
and economy, onr telescopes distinctly inform us. They show 
us dark spots on its surface, which slowly change their places 
and fomis, and by attending to whose situation, at different 
times, astronomers have ascertained that tlie sun revolves 
about an axis nearly per[>cndicular to the plane of the 
ecli[)tic, performing one rotation in a period of about 25 days, 
and in the same direction with the diurnal rotation of 
tlie earth, ?\ e, from west to east. Here, then, we have an 
analogy with our own globe; the slower and more majestic 
movement only corresponding with tlie greater dimensions of 
the machinery, and impressing us ivith the prevalence of 
similar inecbanical laws, and of, at least, such a community 
of nature as the existence of inertia and obedience to force 
may argue. Now, in the exact proportion in which wc invest 
our idea of this immense bulk with the attribute of inertia, or 
weight, it becomes difficult to conceive its circulation round 
so comparatively small a body as the earth, without, on the 
one hand, dragging it along, and displacing it, if bound to if 
by some invisible tic ; or, on the other hand, if not so lield to 
it, pursuing its course alone in space, and leaving the earth 
bebhub If we. connect two solid ma.-sevS by a rod, and fling 
them aUift, we see them circulate about a point between tbem^ 
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which is their common centre of gnivity ; but if one of them 
be greatly more ponderous than the other, this common centre 
will be proportionally n'earer to that one, and even within its 
surface ; so that the smaller one will circulate, in fact, about 
the larger, which will be comparatively but littte disturbed 
from its place. 

(360.) Whether the earth move round the sun, the sur 
round the earth, or both round their common centre of 
gravity, will make no difference, so far as appearances are 
concerned, provided the stars be supposed sufficiently distant 
to undergo no sensible apparent parallactic displacement by 
the motion so attributed to the earth. Whether they are so 
or not must still be a matter of enquiry; and from the alisence 
of any measin eable amount of such displacement, we can con- 
clude nothing but this, that the scale of the sidereal universe 
is so great, that the mutual orbit of the earth and sun may 
V)e regarded as an imperceptilde point in comparison with tlie 
distance of its nearest members. Admitting, then, in con- 
formity with the laws of dynamics, that two bodies connected 
with and revolving about each other in free space do, in fact, 
revolve about their common centre of gravity, which remains 
immoveable by their mutual action, it becomes a matter of 
further enquiry, tchereahouts between them this centre is 
situated. Mechanics teach us that its place will divide their 
mutual distance in the inverse ratio of their weights or 
masses* ; and calculations grounded on phenomena, of which 
an account will ‘be given further on, inform us that this ratio, 
in the case of the sun and earth, is actually that of 354936 
to 1, — the sun being, in that proportion, more ponderous 
than the earth. From this it will follow tliat the common 
point about whicli they both circulate is only 267 miles from 
the sun’s centre, or about 3 diameter. 

(361.) Henceforward, then, in conformity with the above 
statements, and with the Copernican view of our system, we 
niiist learn to look upon the sun as the comparatively motion- 
less centre about which the earth performs an annual elliptic 
orbit of the dimensions and excentricity, and with a velointy, 

♦ Prlncipia^ lib. i. iex. iii. cor. 14. 
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regulated according to the law above assigned; the sun 
occupying one of the foci of the ellipse, and from that station 
(juietly disseminating on all sides its light and heat ; while 
tlie earth travelling round it, and presenting itself differently 
to it at different times of the year and day, passes through 
the varieties of day and night, summer and winter, which we 
enjoy ; its motion (art. 354.) being from west to east. 

(362.) In this annual motion of the earth, its axis pre- 
serves, at all times, the same direction as if the orbitual 
movement had no existence ; and is carried round parallel to 
itself, and pointing always to the same vanishing point in 
the sphere of the fixed stars. This it is which gives rise to 
the variety of seasons, as we shall now explain. In so doing, 
we shall neglect (for a reason which will be presently ex- 
plained) the cllipticity of the orbit, and suppose it a circle, 
with the sun in the center and the four quadrants of its orbit 
to be described in equal times, the motion in a circle being 
unifonn. 



{363.) Let, then, S represent the sun, and A, B, C, D, 
four positions of the earth in its orbit 90® ajiart, viz. A that 
which it has at the moment when the sun is opposite to the 
intersection of the plane of the ecliptic B G, with that of 
the equator F K, B that which it has a quarter of a year 
subsequently or 90“ of longitude in advance of A ; C, 180' 
and G, 270° in advance of A.* In each of these positions 

* The figure’ by a mistake of the engraver is inverted right and left, so that 
the earth is made to move the wrong M^ay round the sun a point of no con- 

sequence to the reasoning, and which the reader will rectify in imagination. 
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let P Q represent the axis of the earth, about which its 
diurnal rotation is performed without interfering with its 
annual motion In its Orbit. Then, since the sun can only 
enlighten one half of the surface at oncCj, viz. that turned 
towards it, the shaded portions of the globe in its several 
positions will represent the dark, and the bright, the en- 
lightened halves of the earth’s surface in these positions. 
Now, 1st, in the position A, the sun is vertically over the 
intersection of the equinoctial F E and the ecliptic II G. It 
is, therefore, in the vernal equinox ; and in tliis position the 
poles P, Q, both fall on the extreme confines of the en- 
lightened side. In this position, therefore, it is day over 
half the northern and half the southern hemis[)here at once ;♦ 
and as the earth revolves on its axis, every point of its sur- 
lace describes half its diurnal course in light, and half iil 
darkness ; in other words, the duration of day and night is 
hero equal over the whole globe : hence the term equinox. 
The same holds good at the autumnal equinox on the posi- 
tion C. 

(364 ) B Is the position of the earth at the time of the 
northern summer solstice. (See art. 38,9.) Here the north 
pole P, and a considerable portion of the earth’s surface in 
its neighbourhood, as far as B, are situated within the en- 
lightened half. As the earth turns on its axis In this position, 
therefore, the whole of that part remains constantly en- 
lightened ; therefore, at this point of its orbit, or at this 
season of the year, it is continual day at the north pole, and 
in all that region of the earth which encii'cles this pole as far 
as B- — that is, to the distance of 23*^ 27' 30'' from the pole, 
or within what is called in geography the arctic circle. On 
tile other hand, the opposite or south pole Q, with all the 
region comprised within the antarctic circle, as far as 23'' 27' 
30" from tlie south pole, are immersed at this season in dark- 
ness during the entire diurnal rotation, so that it is here con- 
tinual night. 

(365.) With regard to that portion of the surface conq)re- 
hended between the arctic and antarctic circles, it. is no less 
evident that the nearer any point is to the north pole, the 
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larger will be the portion of its diurnal course comprised 
within the bright, and the smaller within the dark hemi- 
sphere ; that is to say, the longer vYill be its day, and the 
shorter its night Every station north of the ecjuator will 
have a da>\of more and a night of less than twelve hours’ 
duration, and vice versa. All these phtenomena are exactly 
inverted when the earth comes to the opposite point D of its 
orbit. 

(366.) Now, the temperature of any part of the earth’s 
surface depends mainly on its exposure to the sun’s rays. 
Whenever the sun is above the horizon of any place, that 
place is receiving heat; when below, parting with it, by the 
‘ ju'oeess called radiation; and the whole quantities received and 
parted with in tlie year (secondaiy causes apart) must balance 
viich other at every station, or the c<|uilibriuin of temperature 
(that is to say, the constancy wliich is observed to prevail in 
the minual averages of temperature as indicated by the 
thermometer) would not be supported. Whenever, then, 
the sun remains more tlian twelve hours above the horizon of 
any plac(% and less heiH*ath, the general temperature of that 
phice will he above tlie average; when the reverse, below. 
As tl»e earth, then, moves from A to B, the days growing 
longer, and the nights shorter in the northern hemisphere, 
the temperature of every part of that hemisphere increases, 
and we pass from s])ring to sninmer ; while, at the same 
time, the reverse obtains in the soutliern hemisphere. As the 
earth j)asses from B to C, the days and nights again approach 
to equality — the excess of tempcu'Mtuie in the northern 
hemisphere al)ove tlic mean state growls less, as well as its 
defect in the southern ; and at the autumnal equinox C, the 
mean state is once more attained. From thence to I), and, 
finally, round again to A, all the same phaBnomena, it is 
obvious, must again occur, but reversed, — it being now 
winter in the northern and summer in the southern hemi- 
sjdiefe. 

(^367.) All thi.s is consonant to observed fact. The con- 
tinual day within the polar circles in summer, and night in 
winter, the general increase of temperature and length oi 
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diiy as the sun apin oaches the elevated pole, and the reversal 
of the seasons in the northern and southern hemispheres, are 
all facts too well knovfn to require furtlier comment. The 
positions A, C of tlie earth correspond, iia we have said, to 
the equinoxes ; those at B, D to the solstices,^ Tiiis term 
must be explained. If, at any point, X, of the orbit, we 
draw X P tlie earth’s axis, and X S to the sun, it is evident 
lliat the angle P X S will be tlie svlvls polar distance. Now, 
this angle is at its inaximuin in the position D, and at its mi- 
nimum at B: being in the former case = 9Cf + 23^ 28' = 113'’ 
28', and in the latter 9(P"~23° 28' = 66" 32'. At these 
points the sun ceavSes to approach to or to recede from the 
pole, and hen(;e the name solstice. ' 

(368 «.) Ijct us next consider how these phamomena are 
modified by tiie ellipticity of the earth’s orbit and the posi- 
tion of its lontrer axis with respect to the line of the solstices. 
This ellipticity (art. 350.) is about one sixtieth of the mean 
distance, so that the sun, at its gn.-atest proximity is about 
one thirtieth of its mean distance nearer us tlian wlien most 
remote. Since light and heat are equally dispersed from the 
sun in all directions, and are spread, in diverging, over the 
surface of a s}>luire enlarging as they recede from the center, 
they must diminish in intensity according to the inverse [>ro- 
portiou of the surfiices over which they are sjiread, i, e, in 
the inverse ratio of the s(juares of the distances. Hence the 
hemisphere opposed to the sun will receive in a given time, 
when nearest,* o tliirtietlis or one fifteenth more heat and 
light than when most remote, as may be sliown by an easy 
calculation.* Now, the sun’s longitude when at its least dls- 
t^ince from the earth (at which time it is said to be in perigee 
and the earth in its perihelion is at present 280" 28' in 
which position it is on the 1st of January, or eleven days 
after the time of the winter solstice of the northern hemi- 
sphere ; oi', which is the same thing, the summer solstice of 
the southern (art. 364.), while on the other hand the sun is 
most remote (in apogee or the earth in its aphelion J), when 

* ( ^ (Sir)' nearly, = ^ very nearly, 

f about or in il»e Ufighbourhood of; yr}^ the earth ; J/Awy, the .sun. 

) Hwav From. 
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in longitude 100^ 28' or on the 2nd of July, te. eleven 
days after the epoch of the northern summer or southern 
winter solstice. We shall suppose, hoVever, for simplicity of 
explanation, the .perigee and apogee to be coincident with 
the solstice, At and about the southern summer soLstiee 
then, the whole earth is receiving per diem the greatest 
amount of heat tljat it can receive, and of this the southern 
liomisphere receives the larger sliare, because its pole and the 
whole region within the antarctic circle is in perpetual sun- 
shine, while the corresponding northern regions lie in shadow. 
On the other hand, at and about the northern summer solstice, 
although it is true that the reverse conditions as to the 
* regions illuminated prevail, yet the whole earth is then re- 
ceiving diem less heat owing to the sun’s remoteness: so 
that on the whole if the seasons toere of equal duration^ or in 
other words, if the angular movement of the earth in its 
elliptic orbit were uniform, the southern hemisphere would 
receive more heat per annum than the northern, and would 
conse(iuently have a warmer mean temjieratnre. 

(368 A.) Such, liowever, is not the case. The angular ve- 
locity of the eartli in its orbit, as we have seen (art. 350.), is 
not uniform, but varies in the inverse ratio of the square of 
the sun’s distance, that is, in the same precise ratio as his 
heating ])ower. The momentary sup|)ly of heat then re- 
ceived by the earth in every point of its orbit varies exactly 
as the inonamtary iiicrcnse of its longitude, from which it 
obviously follows, that equal amounts of heat, are received 
from the suu in passing over equal angles round it, in what- 
ever part of the ellipse those angles may be situated. Sup- 
posing the orbit, then, to be divided into two segments by any 
straight line drawn through the sun, since equal angles in loru 
gi tilde (180”) arc described on either side of this line, the 
amount of heat received will be equal. In passing then from 
either equinox to the other, the whole earth receives equal 
amount of heat, the inequality in the intensities of solar ra- 
diation in the two intervals being precisely compensated by 
the opposite inequality in the duration of the intervals theni- 
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selves; which amounts to about 7| days, by which the 
northern spring and summer are together longer than the 
southern. For these iiitervals are to each other in the pro- 
portion of the two unequal segments of the whole ellipse into 
which the line of the equinoxes divides it. (See j\rt. 353.) 

(368 c.) In what regards the comfort of a climate and the 
character of its vegetation, the intensity of a summer is 
more naturally estimated by the temperature of its hottest 
day, and that of a winter by its sharpest frosts, than by the 
mere durations of those seasons and th(’ir total amount of heat. 
Supposing the excentricity of the earth’s orbit were very 
much greater than it actually is; the position of its periho 
lion remaining the same; it is evident that the characters of 
the seasons in the two hemisplieres would be strongly con- 
trasted. In the northern, we should have a short but very 
mild winter with a long but very cool summer — i. e, an ap- 
proach to perpetual spring ; wliile the southern hemisphere 
Avould be inconvenienced and might be rendered uninhabitable 
l)y the fierce extremes caused by concentrating half the annual 
SMp[)ly of heat into a summer of very short duration and 
spreading the other hall’ over a long and dreary winter, 
sharpened to an intolerable intensity of frost when at its cli- 
max by the much greater remoteness of the sun. 

(369.) As it is, the difference, except under peculiar cir- 
cumstances, is not very striking, being masked to a certain 
extent by the action of another very influential cause to be 
explained in (c.rt. 370.). This does not prevent, however, 
the direct impression of the solar heat in the height of sum- 
mer, — the glow and ardour of his rays, under a perfectly 
clear sky, at noon, in equal latitudes and under equal circum- 
stances of exposure, — from being materially greater in tlie 
southern hemisphere tlian in the northern. One fifteenth is 
too considerable a iraction of the whole intensity of sunshine 
not to aggravate in a serious degree tlie sufferings of those 
for instance who are exposed to it in thirsty deserts, without 
shelter. The accounts of these sufferings in tlie interior of 
Australia are of the most frightful kind, and would seem far 
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to exceed what have ever been undergone by travellers in 
the northern deserts of Africa * 

(369 a.) It must be observed moreover, that in estimating 
the effect of any. additional fraction (as one fifteenth) of solar 
radiation qn temperature, we have to consider as our unit, 
not the number of degrees above a purdy arbitrary zero 
point (such as the freezing point of water or the zero of 
J"aln*enhelt’s scale) on which a thermometer stands in a hot 
snininer day, as compared with a cold winter one, but the 
thermometric interval between the temperatures it indicates 
in the two cases, and that which it would indicate did the 
sun not exist, which there is good reason to believe f 
would be at least as low as 239'^ brlow zero of Fahrenheit. 
And as a temperature of lOO'’ Fahrenheit above zero is no 
uncommon one in a lair shade exposure under a sun nearly 
\’ertlcal, we have to take one fifteenth of the sum of these 
intervals (339'^), or 23° Fahrenheit, as the least variation of 
temperature under such circumstances which can reasonably 
be attributed to the actual variation of the suifs distance. 

(369 i.) In what has been premivsed we have supposed the 
situation of the axis of the earth’s orbit to coincide with 
tlie line of the solstices, neglecting the difference of about 
eleven days’ motion at present existing between them. But 
tins near coincidence lias not always been the state of things, 
and will not always continue to be so. Bv^ the effect of pre- 
cession (art. 312.), both the line of equinoxes and those of 
solstices retreat on the ecliptic by an annuab angular move- 
ment of 50"' '1, which cause alone would carry them round, 
with respect to the axis of the earth’s ellii)se through a com- 
plete revolution, in 25868 years. And in this period, sup- 
posing the axis to retain a fixed position, the perihelion would 
come to coincide successively in longitude with both the sol- 

♦ See the account of Captain Sturt’s exploration in Athenaeum, No. 

The ground was almost a molten surface, and if a match accidentally fell upoji 
it, it imrnediauly ignited ” The Author has observed the temperature of t'le 
surface soil in South Africa as high as 159® Fahrenheit, An ordinary liici 
for match does not ignite when simply pressed upon a smooth surface at 5219®, 
l>ut i)t the act of withdrawing it takes fire, and the slightest friction upon such 
a surface of course ignites it. 

t StH: M KTEitKoioGY, Ivicy'l. Bril, (new editinn) Art, 36 . 
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Btices and witli both the equinoxes. But, besides this, owing 
to the operation of causes hereafter to be explained, the axis 
does not remain so fixed, but shifts its position, with a much 
slower angular movement, of 1 1"‘8 per anniem in the opposite 
direction to that in which precession carries the li!Jie of equi- 
noxes, and by which movement alone, if uniformly continued, 
the direction of the axis itself would be carried entirely round 
the whole circumference of the ecliptic in an immensely long 
period (no less than 109830 years). Thus then we see that the 
vernal equinox and the perihelion recede from eacli other by 
tlic joint annual amount of 61''*9 or a degree in 58-16 years, 
which is, in effect, the same as if the perihelion made a com- 
plete revolution with reference to a fixed equinox in 20984 
years. In consequence of this joint variation then, the place 
of the perihelion mnsi lia\e coincided with the vernal equi- 
nox (or have been situated in longitude O'") about 4000 years 
before the Christian era, and in longitude t C about a.d. 
1250, and will be wsitnated in longitudes 180® and 270® respec- 
tively about the year a.d. 6500 and 11700. At the latter of 
those epochs, the case we have considered in the foregoing 
ariicles (368 a. et se/j.) will be reversed, and the extreme sum- 
mer and winter of the southern hemisphere will be trans- 
ferred to the northern. 

(369 c.) In the immense periods which geologists contem- 
plate in the jjast history of the earth, this alternation of cli- 
mates must have happened, not once only, but thousands of 
times, and it is* not impossible that some of the indications 
which they have discovered of the prevalence at some for- 
mer epoch or epochs of widely different climates from the 
present in the northern hemisphere, may be referable, in part 
at least, to this cause, though we are very far from supposing 
it competent (even taken in conjunction \vith other variations 
to be explained further on, which will sometimes go to ex- 
iiggeratc and sometimes to palliate its influence,) to account 
lor the whole of the changes which appear to have taken 
I>lac,e.* 

• M. Reynaud ( Extrait de Fhilosophie religituse. Faris . IinprinuTiv T>u- 
attributes more influence tothis eause, in lusiiirical linu’s, than we should 
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(370.) A conclusion of a very remarkable kind, recently 
drawn by Professor Dove from the comparison of thermome- 
tric observations at different seasons in very remote regions 
of the globe, may appear on first sight at variance with much 
that is above stated. That eminent meteorologist has shown, 
by taking at all season s the mean of the temperatures of points 
diametrically opposite to each other, that the mean tempera 
ture of the whole eartICs surface in June considerably exceedb 
that in December. This result, which is at variance with 
the greater proximity of the sun in December, is, however, 
due to a tot ally different and very powerful cause,— the greater 
amount of land in that hemisphere which has its summer 
solstice in June (i. e. the northern, see art. 362.); and the 
fiict is so explained by him. The effect of land under sun- 
shine is to thrown heat Into the general atmosphere, and so 
distribute it by the carrying power of the latter over the 
whole earth, AVater is much less effective in this respect, 
the heat penetrating its depths, and being there absorbed ; 
so that the surface never acquires a very elevated tempera- 
ture even under the equator. 

(371.) The great key to simplicity of conception in astro- 
nomy, and, indeed, in all sciences where motion is concerned, 
consists in contemplating every movement as referred to points 
which are either j^ermanently fixed, or so nearly so as that 
their nmtioiis shall be too sxnall to interfere materially with 
and confuse our notions. In the choice of these primary 
points of reference, too, we must endeavour, as far as possible, 
to select such as have simple and symmetrical geometrical 
relations of situation with respect to the curves described by 
the moving parts of the system, and which arc thereby fitted 
to perform the office of natural centers — advantageous sta- 

bc disposed to allow it, when, for instance, he would explain by it the almost 
total disappearance of’ the date palm from Jiula^a since the time of Pliny, at 
vhieh it appears to have flourished in perfection. At that epoch, however, 
the perihelion occupied a situation only 20*^ from the Di :einher soKtice ; which 
irnjjiies a (iiOerence between the sun’s perihelial and sotiticial distances not ex- 
ceeding a thousandth part of its mean distance, correspoi ling to a difference of a 
five-hundredth part in the solar radiation. The elfect "f this, reckoned on the 
principles explained in the text, would not exceed tkvo-thivds of a degree 
Fahr. in the inidsvnnnier temperature of Juda;a at noort See also his “ Ui«- 
coins ?jur la ( onstitulion physi<|ue dc la iVrre ’* Sonveck^^ 
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tions for the eye of reason and theory. Having learned to 
attribute an orbital motion to the earth, it loses this advan- 
tage, which is transferrecl to the sun, as the fixed center about 
which its orbit is performed. Precisely as. when embarrassed 
by the earth’s diurnal motion, we have learned to transfer, in 
imagination, our station of observation from its surface to its 
center, by the application of the diurnal parallax ; so, when 
we come to inquire into the movements of the planets, we 
shall find ourselves contli^ually embarrassed by the orbital 
motion of our point of view, unless, by the consideration of 
the annual or heliocentric parallax^ we consent to refer all our 
observations on them to the center of the sun, or rather to the 
common center of gravity of the sun, and the other bodies 
which arc connected with it in our svstem. 

* 9^ 

(372.) Hence arises the distinction between the geocentric 
and heliocentric place of an object. The former refers its 
situation in space to an imaginary sphere of infinite radius, 
having the center of the earth for its center — the latter to 
one concentric with the sun. Thus, wdicn we si)eak of the 
heliocentric longitudes and latitudes of objects, we suppose the 
spectator situated in the sun, and referring them by circles 
perpendicular to the plane of the ecliptic, to the great circle 
marked out in the heavens by the infinite prolongation of 
that plane. 

(373.) The point in the imaginary concave of an infinite 
heaven, to which a spectator in the sun refers the earth, must, 
of course, be diametrically opposite to that to which a spec- 
tator on the earth refers the sun’s center ; consequently the 
heliocentric latitude of the earth is always nothing, and its 
heliocentric longitude always equal to the suiCs geocentric 
longitude -j- 180''. The heliocentric equinoxes and solstices 
ai’o, therefore, the same as the geocentric reversely named ; 
and to conceive them, we have only to imagine a plane passing 
through the sun’s center, parallel to the earth’s equator, and 
.prolonged infinitely on all sides. The line of intersection of 
this plane and the idane of the ecliptic is the line of equinoxes, 
and the solstices are 90° distant from it. 

(374.) Were the earth’s orbit a circle, described with a 
uniform velocity about tlie sun placed in its center, notliing 



238 


OIJILIXKS OF ASTUOXOMY. < 


could be easier than to calculate Its position at any time with 
respect to the lino of equinoxes, or its longitude, for we should 
only have to reduce to numbers the proportion foil )wing ; viz. 
One year: the^time elapsed :: 360"^ : the arc of longitude 
passed over. The longitude so calculated is called in astro- 
nomy the mean longitude of the earth. But since tlie earth’s 
orbit is neither circular, nor uniformly described, this rule 
will not give us the true place in the orbit at any proposed 
moment. Nevertheless, as the excentricity and deviation 
from a circle are small, the true place will never deviate very 
far from that so determined (which, for distinction’s sake, is 
called the mean place), and the former may at all times be 
calculated from the latter, by applying to it a correction or 
equation (as it is termed), whose amount is never very great, 
and whose computation is a question of pure geometry, 
depending on the equable description of areas by the earth 
about the sun. For since, in elliptic motion according to 
Kepler’s law above stated, areas not angles are describes] 
uniformly, the proportion must now be stated thus; — One 
year : the time elapsed : : the whole area of the ellipse : the 
area of the sector swcj)t over by the radius vector in that time. 
This area, therefore, becomes known, and it is then, as above 
observed, a problem of pure geometry to ascertain the aiigh 
about the sun (X S Z, fig. art. 362.), which corresponds to any 
proposed fractional area of the whole ellipse supposed to be 
contained in the sector XZS. Suppose w^e set out from X, 
the perihelion, then will the angle X S Z at firsj increase more 
rapidly than the mean longitude, and will, therefore, during 
the whole semi-revolution from A to M, exceed it In amount ; 
(»r, iji other words, the true place will be in advance of the 
menu : at M, one half the year will have elaj)sed, and one 
half the orbit have been described, whether it !)e circular or 
elliptic. Here, then, the mean and true places coincide; but 
in all the other half of the orbit, from M to A, the true place 
will fall short of the mean, since at M the angular motion is 
slowest, and the true place from this point begins to h»g 
behind the mean — to make up with it, however, as it 
ap])roaches A, where it once more overtakes it. 
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(375.) The quantity by which the true longituOe of tlie 
earth differs from the mean longitude is called the equation 
of the center, and is additive during all the half-year in which 
the earth passes from A to M, beginning at 0^0' 0", increasing 
to a maximum, and again diminishing to zero af M ; after 
which it becomes subtractive, attains a maximum of sub- 
tractive magnitude between M and A, and again diminishes 
to 0 at A. Its maximum, both additive and subtractive, is 
r 55' 33"%3. 

(371).) By applying, then, to the earth’s mean longitude 
the equation of the center corresponding to any given time 
at which we would ascertain its place, tlie true longitude 
becomes known ; and since the sun is always seen from the 
earth in 180^ more longitude than the earth from the sun, in 
this w^ay also the sun’s true place in the ecliptic becomes 
known. The calculation of the equation of the center is 
[lerfornied by a table constructed for that purpose, to he 
found in all Solar Tables.” 

(377.) The maximum value of the equation of the centi^r 
depends only on the elHpticity of the orbit, and may be ex- 
pressed in terms of the excentrioity. Vice versa, therefor(‘, 
if the former quantity can be ascertained by observation, tlie 
latter may be derived from it ; because, whenever the law, 
or numerical connection, between two quantities is known, 
the one can always be determined from the other. Now, by 
assiduouvs observation of the sun’s transits over the meridian 
we can ascertain, for every day, its exact right ascension, and 
thence conclude its longitude (art, 309.). After this, it is 
easy to assign the angle by wdiich this observed longitude ex- 
ceeds or falls short of the mean; and the greatest amount of 
this excess or defect which occurs in the whole year is the 
maximum equation of the center. This, as a means of ascer- 
taining the eccentricity of the orbit, is a far more easy and 
accurate method than that of concluding the sun’s distance by 
measuring its apparent diameter. The results of the two 
methods coincide, however, perfect l3^ 

(378.) If the ecliptic coincided wdth the equinoctial, the 
offei*! of tlie equation of the center h}^ disturbing the vinifor- 
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mity of the apparent motion in longitude, would cause 
an inequality in its time of coming on the meridian on suc- 
cessive days. When the sun’s center comes to the meridian, 
it \^ %pparent nooyi, and if its motion in longitude were uni- 
form, and ^the ecliptic coincident with the e(Hunoctial, tliis 
would always coincide with the mean noon, or the stroke of 
12 on a well-regulated solar clock- But, independent of the 
want of uniformity in its motion, the obliquity of the ecliptic 
gives rise to another inequality in this respect ; in conse- 
quence of whicli, the sun, even sujjposing its motion in the 
ecliptic uniform, would yet alternately, in its time of attain- 
ing the meridian, anticipate and fail short of the mean noon 
as shown by tlio clock. For the right ascension of a celestial 
object forming a side of a right-angled spherical triangle, of 
wlilcli its longitude is the hypothcnusc. It is clear that the 
uniform increase of the latter must necessitate a deviation 
from uniformity in the increase of the former. 

(379.) These two causes, then, acting conjointly, produce, 
in fact, a very considerable fluctuation in the time as shown 
per clock, when the sun really attains the meridian. It 
amounts, in fiict, to iqivvards of half an hour ; apparent noon 
sometimes taking jdace as much as 16^- min. bed'ore mean 
noon, and at others as much as 14 J min. after. This differ- 
ence between apparent and mean noon is called tlie equation 
of time , and is calculated and inserted in ephemerides for 
every day of the year, under that title : or else, which cornea 
to the same thing, the moment, in mean time, of the sun’s 
culmination for each day, is set down as an astronomical 
phienomenon to be observed. 

(380.) As the sun, in its apparent annual course, is carried 
along tlie ecliptic, its declination is continually varying be- 
tween the extreme limits of 23"* 27' 30" north, and as much 
south, whit.h it attains at the solstices. It is consequently 
always vertical over some part or other of that zone or belt 
of the earth’s surface which lies between the north andsoiitli 
jiarallels of 23° 27' 30". These parallels are called in geo- 
graj)hy the tropics ; the northern one that of Cancer, and the 
southern, 61' Capricorn ; because the sun, at the respective 
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Bolstices, Is situated in the divisions, or signs of the ecliptic 
so denoinlnated. Of these signs there arc twelve, each oc* 
ciipying 30"^ of its circumference. They commence at the 
vernal equinox, and arc named in order — Aries, Taurus, 
Gemini, Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius, 
Capricornus, Aquarius, Pisces.* They are denoted also by 
tlic following symbols: — y, 8 , u, ft, n]i, :Or, /, 
vf, Longitude itself is also divided Into signs, 

<l(‘grees, and minutes, &c. Thus 5® 27"* 0' corresponds to 
177^0'. 

(381.) These Siffus are purely technical subdivisions of 
tlu^ ecrq)tic, commencing from the actual equinox, and are 
not to be confounded with the constdlatiojis so calk'd (and 
sometimes so symbolized). The constellations of the zodiac, 
as they now stand arranged on the ecliptic, are all a full 
'‘ sign” III advance or anticipation of their symbolic cog* 
nomens thereon marked. Thus the eonstellatioii Aries 
actually oi^cupics the sign Taurus JS , the constellation 
Taurus, tlie sign Gemini n, ami so on, the siffns having re- 
treated f among the stars (together with the equinox their 
01 ‘lgin), by tlie effect of precession. The bright star Si)i(‘ain 
the constellation Virgo (a Virginis), by tlie observations of 
Hipparchus, 128 years preceded, or Avas westAvard of the 
autumnal equinox in longitude by 6^ In 1750 it folloAved 
01 - stood eastward of the same equinox by 20*^' 21'. Its place 
then, as referred to the ecliptic at the former epoch, Avould he 
in longitude 5® O', or in the 24th degree of the siffu ft, 

wliereas in the latter epoch it stood in the 21st degree of nti , 
the equinox having retreated by 26° 21' in the interval, 1878 
years, elapsed. To aAT>id this source of misunderstanding, tluj 
use of signs” and their symbols in tlie reckoning of celestial 
longitudes is now almost entirely abandoned, an^l the ordi- 
nary reckoning (by degrees, &c. from 0 to 360) adoi>ted in 

^ I hoy m.'iy bo rernombertHl by the following mornorial hexameters : — 

Sunt Aries, Taurus, (iemiui. Cancer Leo, Virgo, 

Libraijne, Seorpius, Arcitenens, Caper, Amphora, Uiseesv 

t Hftrealed is here used uitli reference to hngitmie^ not to the apparent 
<huniul motion. 
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its place, and the names Aries, Virgo, &c. are becoming re 
stricted to the constellations so called/ 

(382.) When the sun is in either tropic, it enlightens, as 
we have seen, the pole on that side the equator, and shines 
over or beyond it to the extent of 23" 27' 30''. The parallels 
of latitude, at this distance from either pole, are called the 
polar circles^ arid are distinguished from each other by thv) 
names arctic and antarctic. The regions within these circles 
are sometimes frigid zones ^ while the bell between 

the tropics is called the torrid zoncy and the intermediate 
belts temperate zonea. These last, however, are merely names 
given for the sake of naming; as, in fact, owing to the 
different distribution of land and sea in the two hemispheres, 
zones of climate are not co-terminal with zones of latitude. 

(383.) Our seasons arc determined by the apparent pas- 
sagi^ of the sun across the equinoctial, and its alternate arrival 
in the northern and southern hemisphere. Were the equinox 
invariable, this would happen at intervals precisely equal to 
the duration of the sidOTMl year; but, in fact, owing to the 
slow conical motion of the earth’s axis described in art. 317 , 
the equinox retreats on the ecliptic, and meets the advancing 
sun somewhat before tfeie whole sidereal circuit is completed. 
The annual retreat of the equinox is 50"* 1, and this arc is 
described by the sun in tbc ecliptic in 20”^ 19®*9. By so 
much shorter y then, is the periodical return of our seasons 
than the true sidereal revolution of the earth round the sun. 
As the latter period, or sidereal year, is equal to 365*^ 6^ 9“ 
9®*6, it follow^s, then, that the former must be only 365^ 5^ 
48*“ 49®‘7 ; and this is what is meant by the tropical year. 

(384.) We have already mentioned that the longer axis of 
the ellipse described by the earth has a slow motion of 11 "*8 
per annum in advance. From this it results, that when the 
earth, setting out from the perihelion, has completed one 
sidereal period, the perihelion will have moved forward by 

• When, however, the place of the sun is spoken of, the old usage prevails. 
Thus, if we say “the smi is in Aries,*’ it would be interpreted to mean between 

and of longitude. So, also, “ the first point of Aries’* is still understood 
to mean the vernal, and *• the first point of Libra,” rhe autumnal equinox ; and 
V) in ji few other cases. 
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ll"*8v which arc must be described by the eiirtli before it can 
again reach the perihelion. In so doing, it occu|)ies 4”* 39*'7, 
and this must therefore be added to the sidereal period, to 
give tlie interval between two consecutive returns to the 
perihelion. This interval, then, is 365^ 6^ 13"'49‘^**3^, and is 
whatiscalled the anomalistic year. All these periods have their 
uses in astronomy ; but that in which mankind in general are 
most interested is the tropical year ^ on which the return of tlie 
se asons depends, and which we thus perceive to be a compound 
phasnomenon, depending chiefly and directly on the annual 
revolution of the earth round the sun, but subordinately also, 
and indirectly, on its rotation round its own axis, which is 
what occasions the precession of the equinoxes ; thus afford- 
ing an instructive example of the Avay in whicli a motion, 
once admitted in .any part of our system, may be traced in 
its influence on others with wliicJi at first siglit it could not 
possibly be supposed to have any thing to do. 

(385,) As a rough consideration of* the appearance of tlie 
earth points out the general roundness of its form, and more 
oxnct inquiry has led us first to the discovery of its ellipti<r 
figure, and, in the further progress of refinement, to tlie per- 
ception of minuter local deviations from that figure ; so, in 
investigating the solar motions, the first notion we obtain 
is that of an orbit, generally speaking, round, and not far from 
a circle, which, on more careful and exact examination, proves 
to be an ellipse of small excentricity, and described in con- 
formity with certain laws, as above stated. Still minuter 
enquiry, however, detects yet smaller deviations again from 
this form and from these laws, of which we have a specimen 
in the slow motion of the axis of the orbit spoken of in art. 
372. ; and which are generally comprehended under the name 
of perturbations and secular inequalities. Of these deviations, 
and their causes, we shall speak hereafter at length. It is the 
triumph of physical astronomy to have rendered a complete 
account of them all, and to have left nothing unexplained, 

ritcse numbers, as well as most of the other numerical data of our syste/u, 
Hre Uken from Mr. Baily*s Astronomical Tables and Forjnuhe. 
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either in the motions of the sim or in those of any other 
of the bodies of our system. But the nature of this explana- 
tion cannot be understood till we have developed tlie law of 
gravitation, and carried it into its more direct consequences. 
This will be tlie object of our three following chapters; in 
which we shall take advantage of the proximity of the moon, 
and its immediate connection with and dependence on the 
earth, to render it, as it were, a stepping-stone to the general 
explanation of tlic jdanetary movements. V\^c shall conclude 
this by describing vvliat is known of the physical constitution 
oi the sun. 

(38(5.) When viewed through powerful telescopes, provided 
with coloured glasses, to take off the lieat, which would 
otIierwis<i injure our eyes, the sun is observed to have fre- 
<iuently large and perfectly black spots upon it, surrounded 
witli a kind ot border, less completely dark, called a pe- 
numbra. Some of those are represented at b, c, d, in 
Plate I. fig. 2., at tiie end of this volume. Tlicy are, how- 
ever, not permanent. When watched from day to day, or 
even from hour to hour, they appear to enlarge or contract, 
to cluinge their forms, and at length to disappear altogether, 
or to break out anew in parts of the surface where none 
were before. In such cases of disappearance, the central 
dark spot always contracts into a point, and vanishes before 
the border. Occasionally they break up, or divide into two 
or more, and in those cases offer every evidence of that 
extreme mobility which belongs only to tlie Huld state, and 
of that excessively violent agitation which seems only com- 
patible with the atmospheric or gaseous state of matter. 
The scale on whie'h their movements take place is immense. 
A single seconel of angular measure, as seen from the earth, 
corresponds on the surfs disc to4Gl miles; and a circle of 
this diameter (containing therefore nearly 167000 square 
miles) is the least space which can be distinctly discerned on 
the sun as a visible area. Spots have been observed, however, 
whose linear diameter has been upwards of 45000 miles ; 

Mayc'r, <)l>s. Mar. 15, 1758. “ Iiig^ns macula in sole conspiciebatur, 

tujus tllaincter diam. soils,’' 
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and even, if some records are to be trusted, of very mucli 
greater extent.* That such a spot should close uj» in six 
Aveeks’ time (for they seldom last much longer), its borders 
must 'approach at the rate of more than 1000 miles a day. 

(387.) IVhiny other circumstances tend to corroborate this 
view of the subject. The part of the sun’s disc not occupied 
bj' vspots is far from uniformly bright. ItKS (jroiind is finely 
mottled with an ajipearaiice of minute, dark dots, or pores, 
which, Avhen attentively watched, are found to be in a con- 
stant state of change. There is notliing which represents so 
faithfully this appearance as the slow subsidence of some 
ilocculent chemical precipitates in a transparent fluid, when 
viewed perpendicularly from above: so faithfully, indeed, 
tliat it is hardly possible not to be impressed with the idea of 
a luminous inediiim intermixed, but not confounded, with a 
tninsparent and non-luminous atinospliere, eitlu'.r floating as 
clouds in our air, or ])crvading it in vast sheets and colnuins 
like flame, or the streamers of our northern ligiils, directed in 
lines perpendicular to the siirfacc.j [See § (387 a, 5, and 
cc) Note G]. 

* Half tlu* sun's disc is said in certain a?)cioiJt annals to have been obseured 
by spots. 'I'liis is inonsfrous — but on at least two (xrcasions i>efore tile inven- 
tion of tolescojic.s spois Ijave been seen with tlie naki'd eye, VI. fuinlier ( Hibl. 
liniv, de Geneve, July and Au^. 1S52) mentions as one of the lare:est spots on 
record, tliat oliserved by Sir W, ilerscdieh in 1779. wliieb lie there states to have 
b'. cn 170'' in diameter, or I 5’7 time;-, that of the earth. I have not been aide to 
xcrily the citation. The great spot of 1779 mcMilioned hy Sir W. H. ( Uhll, 
iV. 1795) as having been seen with the naked eye, consisted, he says, of two 
parts, the largest of which measured 1' s"*06’ in diameter, which is etpial In 
lengtli to inr>re tlian ';3 ICXIO miles,’* “ Both together,” lu; adds, “must certainly 
have extended aliove 50000.” This corresponds to 1 10" wliich is not a foiirlli 
pari of M, G;mtier’s quantity ; moret»ver, *170" on the sun’s disc corresponds, not 
to 15*7, hut to 27*:3 diameters of the earth. — {Note added in 18.78.) 

t I’he light emanating immediately from the sun shows no sign of polariza- 
tion wliether radiating from tfie central or circnrnh’reiitial portions of its di.se. 
l ids has been adtluced as adbrding a direct experimental proof of the gaseous 
nature of the surface from wliich its light proceeds. It is argued that tiie liglit 
emitted by inc.uule.scent solid or fluid terrestrial bodies at great obliquities to 
tlieir surfaces, is always found to be partially polarized in a plane perpendicular 
to that in which the angle of emanation lies, and that consequently sucli cannot 
he the nature of the solar surface. In former editions of this work, I have 
passed tliis argument auh sdenth^ and should not have thongiit it nceessarv now 
K> enter a ])rotest against its validity (resting as it does on authority of one of the 
greatest names in ojitical science), but that 1 find it prominently put forward and 
"epoated and strongly insisted on in recent works of conspicnous merit. (Kos- 
7xt.s's?m, especially vol. iii. pp, 47., 284., and notes 99., 483. transl.; Gautier 
on the Sun, Bibl. Unlv, 1852; Vaughan, Rep. Brit. Assoc. 1857; Athenremn, 
No. 1500, ,ls:c, <.S:c, ) 'riio fallacy consists in the as.snmption that tlie sui lace 
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(388.) Lastly, in tlie neighbourhood of great spots, dr ex- 
tensive groups of them, large spaces of the surface are often 
observed to be covered with strongly marked curved or 
branching streaks, more luminous than the rest, called facMlat^ 
and among these, if not already existing, spots frequently 
break out. They may, perhaps, be regarded with most pro- 
bability as the ridges of immense waves in the luminous 
regions of the sun’s atmosphere, indicative of violent agitation 
in their neighboiirliood. They are most commonly, and best 
seen, towards the borders of the visible disc, and their 
appearance is as represented in Plate L fig. 1. 

(389.) 13 ut what are the spots? Many fanciful notions 
have been broached on this subject, but only one seems to 
have any degree of physical probability, viz, that they are 
the dark, or at least comparatively dark, solid body of the 
sun itself, laid bare to our view by those immense fluctuations 
in the luminous regions of Its atmosphere, to which it appears 
to be suliject. Ilespecting the manner in which this dis- 
closure takes place, different ideas again have been advocated. 
Lalande (art. 3240.) suggests, that eminences in tlie nature 
of mountains are actually laid bare, and projc^ct above the 
luminous ocean, appearing black above it, wliile their shoal- 
ing declivities produce the penumbra?, where the luminous 
fluid is less deep. A fatal objection to this theory is the 
uniform shade of the penumbra and its sharp termination, 
both inwards, where it joins the spot, and outwards, where 

from which the light emanates the borders of the sun is necessarily very 
obhqut? to the visual ray by which we see it ; which, thoiigli true of the general 
surface regarded as a portion of a sphere 88(X)00 miles in diameter, is not so of 
each particular square foot or square inch which, not being obscured from sight 
by intervening protuberances, may send out rays to reach tlie eye of a terres- 
trial spectator, Supposing the sun to bean incandescent soWiVnot more roogh 
than the earth or the moon^ it is obvious that whether from the centre or from tiie 
borders, the light by wliich we see it must consist of a mixture of rays emer- 
gent from the local surface at every possible angle of obliquity and in every 
possible plane without the smallest preference. A luminous portion of the sun's 
surface occupying the ten thousandth part of a square second, would correspond 
to a sectional area of the visual beam upwards of twenty s({uare miles it* extoub 
admitting every variety of plain, precipice, slope, or rugged ground. ih^- 
general surface of a forest seen on the horizon is parallel to the inathematicai 
horizon, but who would assert that the ray by which its extreme visible Icfif is 
seen, necessarily emanates from that leaf at any one obliquity or in any one 
plane of emergence rather than any other ?—( iVo/fr ad/ied hi 18,68.) 



'NATUKK OF THE SUJv S SPOTS. 


247 


it borders on the bright surface. A more probable view lias 
been taken by Sir William Herscliel"^, who considers the 
luminous strata of the atmosphere to be sustained far above 
the level of the solid body by a transparent , elastic medium, 
carrying on its upper surface (or rather^ to avoid the former 
objection^ at some considerably lower level within its depth) a 
cloudy stratum which, being strongly illuminated from above, 
reflects a considerable portion of the light to our eyes, and 
f )rms a penumbra, while the 
solid body shaded by the clouds 
reflects none. (See The 

temporary removal of both the 
strata, but more of the upper 
than the lower, he supposes 
effected by powerful upward 
currents of the atmosphere, 
arising, perhaps, from spiracles 
in the body, or from local 
agitations. 

(389a.) Such was the state of our knowdedge of the ap- 
pearance and constitution of the solar spots at the time when 
this work first issued from the press. But in 1851, a further 
step towards penetrating the mystery of their nature was 
made by that excellent and indefiitigable observer Mr, 
Dawes, who availing himself of the ingenious contrivance 
described in (art. 204 e,) has been enabled to scrutinize the 
interior of the penumbrae of the spots, under high magnifying 
powers, in perfect security and with all the advantage 
which the absence of extraneous glare confers on the exami- 
nation of feebly illuminated objects. So viewed, he has 
found the blacker portions occupying the middle of the pe- 
numbra, and which to former observers appeared so dark 
and so uniform as to lead them to believe it to be the sun’s 
actual surface seen through an aperture in an exterior en- 
velope — to be, itself, only an additional and inferior stratum 
of very feebly luminous (or illuminated) matter, which he 
has called the cloudy stratum,” which again in its turn is 

riiil. TranR. ISOI. 
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fre quently seen to be pierced 'with a smaller and usually 
mucli more rounded aperture, which would seem at length 
'to afford a view of the X'eal solar surfac'c of most intense 
blackness. Figs. 4. 5 . PI. I., represent spots so seen on 
2:>rd Deceinber, 1851, and 17th January, 1852. In tracing 
tlic changes in the spots, from day to day, Mr, Dawes lias 
also been led to conclude, that, in many instances, they have 
a movement of rotation about their own centers. This was 
particularly remarkable in the spot of 17th January, which 
between tliat date and 23rd January liad revolved in its 
own plane tlirough an angle of more than 9tP; the cloudy 
stratum,” with its central aperture, presenting itself under 
the aspect represented at 5 fig. 5., instead of that at a, 
which it originally had, its general form remaining all the 
while iinchanged. 

(390.) W^lien the spots are attentively watched, tlicir 
situation on the disc of the suii is observed to change. They 
advance regularly towards its western limb or border, where 
they disa})pcar, and arc replaced by others wdiieli enter at the 
eastern limb, and which, pursuing tlieir resj)ecth'e courses, 
in their turn disappear at the western. ddie ajjparent 
rapidity of this movement; is not uiiiforin, as it would be were 
the spots dark bodies passing, by Jin independent motion of 
their own, between the earth and tlie sun; but is swiftest in 
the middle of tlielr paths across the disc, and very slow at its 
borders. This is precisely what would be the case sup]>osing 
them to appertain to and make part of the visible surface of 
the sun’s globe, and to be carrie<l round by a uniform rota- 
tion of that globe on its axis, so tJiat each spot should de- 
scribe a circle parallel to the sun’s equator, rendered elliptic 
by the effect of perspective. Their apparent paths also 
across the disc conform to this view of their nature, being, 
generally speaking, ellipses, much elongated, concentric with 
the sun’s disc, each having one of its chords for its longer 
axis, and all these axes parallel to each other. At two. 
periods of the year only do the spots appear to describe 
straight lines, viz. on and near to the 4th of June and 5th 
of December, on Avliich days, therefore, the plane of the 
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circle, which a spot, situated on tlie sun’s equator descrilies 
(and consequently, the plane of that equator itself), passes 
throuj:^*h the earth. Ileaice it is obvious, tliat tlie plane of 
the sun’s equator is inolined to that of the ecliptic, and 
intersects it in a line which passes through the place of tin? 
earth on these days. The situation of this line, or the line 
of the nodes of the sun\^ equator as it is called, is, therefore, 
<letined by the longitudes of the earth as seen from the sun 
at those epochs, which, according to Mr. Carrington, are re- 
spectively 73° 40' and 253° 40' ( = 73° 40' -|- 180°) for 1850, 
being, of course, diametrically opposite in dii'cction, 

(391.) The inclination of the sun’s axis (that of the jdane 
of its equator) to the ecliptic is determined by ascertaining * 
the proportion of the longer and the shorter diameter of the 
a[)parent elli[)se described by any remarkable, well-defined 
spot; in order to do whlc'h, its apparent jdace on the sun’s disc 
must be very precisely ascertained by niicrometric measures, 
repealed from day to day as long as it continues visible, 
(usually about 12 or 13 days, according to the magnitude of 
the spots, which always vanish by the effect of f^n^eshortening 
before tliey attain the actual border of the disc — but the? 
larger spots being traceable closer to the limb than the 
sinallor,*) The reduction of vsiich observations, or tlie con- 
clusion from them of the element in question, is complicated 
witJi tlie effect of the earth’s motion in the interval of the 
observations, and with its situation in the ecliptic, with respect 
to the line of‘ nodes. For simplicity, wc will suppose the 
eartli situated as it is on the 4tli of ilarch, in a line at 
riglit angles to that of the nodes, /. e., in the heliocentric 
longitude 163° 40', and to remain tlnu*e stationary (luring the 
whole passage of a spot across the disc. In this case the axis 
of rotation of tlie sun will be situated in a plane passing 
tlirough the ('arth and at right angles to tlie jilane of tlu^ 
ecliptic. Suppose C to represent the sun’s centre, 1 ’ C p its 
axis, EC the line of sight, PNQA 71 S a section of the sun 
passing through the earth, and Q a spot situated on its 

* I'he great spot of Dceember, 1719 , is stated to have hceii seen as u notch 
in the limb of the sun. 
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equator, and in that plane, and consequently in the middle of 
its apparent path across the disc. If the axis of rotation 



were perpendicular to the ecliptic, as N S, this spot would be 
at A, and would be seen projected on C, the centre of the sun. 
It is actually at Q, projected upon D, at an apparent distance 
CD to tlui north of the centre, which is the apparent smallei 
semi-axis of the ellipse described by the spot, Avhich beinpf 


known by microinetric measurement, the value of^ -- or tlic 


cosine of QCN, the inclination of the siiifs equator becomes 
known, C N being the apparent semi-diameter of the sun at 
that time. At this epoch, moreover, the northern half ot the 
circle described by tlie spot is visible (the southern passing 
behind the body of the sun), and the south polep of the sun is 
within the visible hemisphere. This is the case in the wdiole 
interval from December 5th to June 4th, during which the 
visual ray falls upon the southern side of the sun’s equator. 
The contrary happens in the other half year, from June 4th 
to December 5th, and this is what is understood when we say 
that the ascending node (denoted ) of the sun’s equator lies 
in 73° 40' longitude — a spot on the equator passing that 
node being then in the act of ascending from the southern to, 
the northern side of the plane of the ecliptic — such being 
the conventional language of astronomers in speaking of 
these matters. 
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(392.) If the observations are made at other seasons (which, 
however, are the less favourable for this purpose the more 
remote they are from the epochs here assigned); when, 
moreover, as in strictness is necessary, the motion of the 
earth in the interval of the measures is allowed for (as for a 
change of the point of sight); the calculations requisite to 
deduce the situation of the axis in space, and the duration of 
the revolution around it, become much more intricate, and it 
would be beyond the scope of this work to enter into them.* 
According to Mr. Can'ington’s determination, the inclina- 
tion of the sun’s equator to the ecliptic is about 7° 15'" (its 
nodes being as above stated), and the period of rotation 25 
days 9 hours 7 minutes; the corresponding synodic period* 
being 27 days 6 hours 36 minutes.t 

(393.) The region of the spots is confined, generally speak- 
ing, within about 25^^ on either side of the sun’s equator; 
beyond 30^ they are very rarely seen ; in the polar regions, 
never. The actual equator of the sun is also less frequently 
visited by spots than the adjacent zones on either side, and a 
very material difference in their frequency and magnitude 
subsists in its northern and southern hemisphere, those on the 
northern preponderating in both respects. The zone com- 
prised between the 11th and 15th degree to the northward of 
the equator is particularly fertile in large and durable spots. 
These circumstances, as well as the frequent occurrence of 
a more or less regular arrangement of the spots, when nu- 
merous, in th« manner of belts parallel to the equator, point 
evidently to physical peculiarities in certain parts ot‘ the 
sun’vS body more favourable than in others to the production 
of the spots, on the one hand ; and on the other, to a general 
influence of its rotation on its axis as a determining cause of 
their distribution and arrangement, and would appear indi- 
cative of a system of movements in the fluids which con- 

• See the theory in Lalande^s Astronomy, art. 3258., and the form w he of 
computation in a paper by Petersen, Schumacher's Nachrichten, No. 419. 

f These periods are those of a spot in heliographic latitude N. or S. of 
the sun's equator. Owing to solar atmospheric drift, the periods of rotation 
deduced from obscrv.-itions of spots in lilgli or low hfcHographi<? latitudes differ 
fonsiderahly. c Note (G) § (3R7, re.) 
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Btitutc its luminous surface bearing no remote analogy to 
our trade winds — from whatever cause arising. (See art. 
239. et setj.) 

(394.) The duration of individual spots is commonly not 
great ; soiye are formed and disappear within the limit of a 
single transit across the disc — but such are for the most 
part small and insignificant. Frequently they make one oi 
two revolutions, Ixnng recognized at their reappearance by 
their situation with respect to the equator, their configurations 
inter sc, their size, or other peculiarities, as v/ell as by the in * 
terval elapsing between their disapjiearanee at one limb and 
reappearance on tlie other. .In a few rare cases, howoMa-, 
they have been watched round many revolutions. The great 
spot of 1779 appeared during six months, juhI one and the 
same groupe was observed in 1840 by Scliwabe to retui*n 
('ight times,* It has been surmised, witli considerable appa- 
rent probability, that seine spots, at least, arc generated again 
and again, at distant intervals of time, over the same identical 
points of (lie sun’s body (as hiuTjcanes, for exam j)le, arc known 
to ailect given localities on the earth’s surface, and topuj’siic 
definite tracks). The uncertainty wliich still prevails v/itli 
respect to the exact duration of its rotation renders it very 
difiicult to obtain convincing evidence of this; nor, indeed, 
can it be expected, until by bringing together into one con- 
nected view the recorded state of the sun’s siirfaec during a 
very long period of time, and comparing together remarkable 
spots wliich have a])pcared on the same prtralld, some precise, 
periodic time shall be found which shall exactly conciliate 
numerous and well- characterized appearances, ddie inquiry 
is one of singular interest, as there can be no reasonable 
doubt that the supply of light and heat att'orded to ourgloi'C 
stands in Intimate connexion with those processes which arc 
taking place on the solar surface, and to wliich the spots in 
some WMV or other owe their orimin, 

(394 a.) Meanwhile M. Schwabe, of Dessau, by compar- 

* Selnim. Nach. No. ‘118. p. 150. T'hc recent papers of Uiel.t, CavHX'ci, 
Selnvahe, P istorir aiul Sclmudt, tu that coUectioa, will be found high!} 
intirestinji;. 



PeiilODICXTr OF THE SUN’S SPOTS. 


253 


ing together the records of the general state of the stin’s 
surface in respect of the abundance and paucity of sj>ots 
exhibited by it from 1^26 to 1850, has been led to a Vilghly 
remarkable conclusion^ viz. that their degree of copiousness 
is subject to a law of periodicity; alternate piinima and 
inaxiina recurring at nearly equal intervals. The interval 
fi*oin minimum to minimum, as well as could be ascertained 
from the moderate interval embraced by the observations 
compared was provisionally estimatcKl by M. Schwabe at 
about tea years. Move recently, ]\L Wolf, of Berne'*', from a 
careful assemblage and discussion of all the recorded obser- 
vations of s})ots which could be collected from their first 
telescopic discovery (by Fabriclus and Harriot, in 1610) to* 
the present time, Avhilc fully confirming their perio<lieity, 
has fixed upon the somewhat longer period, from minimum to 
ininimnin, of liyTl, being exactly at the rate of nine periods 
per century, the last year of each century (1700, 1800, &c.) 
being a year of minimum. In the mlniina there is for tlic most 
part an extreme paucity, and sometimes an entire absence of 
spots. t The maxima (in which they are often so copious that 
50 or 100 have been counted at once on the disc) do not ap- 
pear to fall exactly in tlie middle year b(itween the minima, 
but rather earlier, about the fifth, fourth, or even the third 
year of the period. What is extremely rcinarka|ble, and 
must certainly be received as strongly cori‘ol)()rativc,\both of 
the general fact of periodicity and of tlic correctness of M. 
AV'olf’s poriod^is, that we find recorded in history by chroni- 
(ru rs and anriMlIsts on several occasions beiorc the invention 
of telescopes, the appearance of s[)ots, or groups of spots, so 
Considerable as to have become matter of vulgar observation, 
as for instance in the yeax’s A.T>. 807, 840, 1096, and 1607 J, 
and several others in which, though no spots are recorded, a 
great deficiency in the sun’s light has been remarked. Thus 
in the annals of the year a*i\ 536, the sun is said to have 
suilered a great diminution of light, which continued fourteen 

Rudolf Wolf. TnuKSiictions of Society of Nat. rhil. Berne, 1852. 

t As in 1858. 

t Those S])ut8 'W(>ro tuken for filiinets! seen on the sun ; that of 840 for 
Venus ; tljose of 807 and IG07 for Mercury. 
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months. From October, a.d. 626, to the following June, a 
defalcation of light to the extent of one-half is recorded ; and 
in A.D. 1547, during three days, the sun is said to have been 
so darkened that stars were seen in the day-time. Now of 
all these in^stances, supposing them all to have been owing to 
spots, either unusually large or numerous, there are only 
two, those of A.D. 807 and 1607, which deviate so much as 
two years from the epochs of maximum fixed as above. 

(394 i,) Sir W. Herschel (Ph. Tr, 1801), considering tlu? 
appearance of abundant spots on the sun’s disc as evidence 
of an agitated state of its gaseous envcloi)e, and regarding 
the extrication of light and heat as the results of chemical 
' processes likely to be promoted by th(i more intimate mix- 
ture of heterogeneous materials having mutual affinities, has 
attempted to show, though from very imperfect records (such 
as alone could be procured by him at that date) that years 
of remarkably abundant or deficient spots have been also 
rermiT'kable respectively for their high or low general tempe- 
rature, and especially for abundant and deficient harvest s. 
The point has been inquired into by M. Gautier*, who from 
an assemblage of meteorological averages obtained in thirty- 
three stations in Europe, and twenty-nine in America during 
eleven years of observation, finds a trifling ])reponderance 
(0°d l Fahr.) in the opposite direction. On the other hand 
M. Wolf, ill the memoir above cited, from an examination ol 
the Chronicles of Zurich from the year a.d. 1000 to A.D. 1800, 
is led to a conclusI{)ii in accordance with this speculation, 
and considers tliem as affording decisive evidence that years 
rich in solar spots are in general drier and more fruitful 
than those of an opposite charactm*, while the latter are 
wetter and more stormy than the former.” 

(394 c,) Although more properly belonging to the domain 
ot general physics than of astronomy, it is impossible to 
omit mentioning here the singular coincidence of this period 
of the recurrence of the solar spots with that of those groat 
disturbances in the magnetic system of the earth to which 
the epithet of magnetic storms” has been affixed. These 

♦ nib!. Uiiiv. de Gc?ricvi\ 184 * 1 . 
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disturbances, during which the magnetic needle is greatly 
and universally agitated (not in a particular limited locality, 
but at one and the same instant of time over whole conti- 
nents, or even- over the whole earth), are* found, so far as 
observation has liithcrto extended, to maintain a parallel both 
in respect of their frequency of occurrence and intensity in 
successive yeai’s with the abundance and magnitude of the 
spots in the same years, too close to be regarded as fortuit- 
ous. The coincidence of the epochs of maxima and minima 
in the two series of phenomena amounts indeed to identity, 
a fact evidently of most Important significance, but which 
neither astronomical nor magnetic science is yet sujfficiently 
advanced to interpret, * 

(395.) Above the luminous surface of the sun, and the 
region in which the spots reside, there are strong indications 
of the existence of a gaseous atmosphere having a somewhat 
imperfect transparency. When the whole disc of the sun is 
seen at once through a telescope magnifying moderately 
enough to allovv it, and with a darkening glass such as to 
suffer it to be contemplated with perfect comfort, it is very 
evident that the borders of the disc are much less luminous 
than the center. That this is no illusion is sliown by project- 
ing the sun’s image undarkened and moderately magnified, 
so as to occupy a circle two or three inches in diameter, on a 
sheet of white paper, taking care to have it well focus, 
wlien the same appearance will be observed.* This etto only 
arise from the circumferential rays having undergone the 
absorptive action of a much greater thickness of some imper- 
fectly transparent envelope (due to greater obliquity of their 
passage through it) than the central. — But a still more con- 
vincing and indeed decisive evidence is ofiered by the phamo- 

* This has been denied by Arago on the evidence of certain phc*enomcna o?)- 
served with his “ polariscope ; hut the fact is so palpable, that it is matter of 
some astonishment that it could ever fail to strike the most superficial observer. 
The matter lias been placed beyond a doubt, however, by direct experiments 
both photometric and thermic. The details of the latter by Sig. Secchi will be 
found in Astron, Nashr. Nos. SOfi, 8S3, and go to prove that the calorific radia* 
tion of the center of the sun's disc is nearly double of that from its borders, and 
that the equatorial regions are somewhat hotter than the polar (Comptes R«nv 
dus Aug. 2<>th, 1852). — (AWc ndded I85S. ) 
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mena attending a total eclipse of tlic sun. Such eclipses 
(as will be shown hereafter) are produced by the interposition 
of the dark body of the moon between tlie earth and sun, 
the moon being Jarge enough to cover an<l surpass, by a 
very sinall breadth, the whole disc of the sun. Now when 
this takes phuic, were there no vaporous atniosphex’e capable 
of reflecting any light about the sun, tl)e sky ought to appear 
totally dark, wsiiice(as will liereafter abundantly a])pear) there 
is not the smallest reason for believing the ?7ioon to have any 
atmosphere capable of doing so. So far, however, is tins 
from being the case, that a bright ring or coroiia of light is 
seen, fading gradually away, as represented in Pi. J. fig. 3., 
'wbicli (in cases wliero the moon is not ccntrallj superposed 
on the sun) is observed to be concentric with tlie latter, not 
tlie {briner body. This corona was beaMlilully seen in the 
e<-Iipse of July 7. 1842, and wilh tliis most remarkable 
:ivl(iill'>n — witnessed by every Bp(*.etator in Pavia, Milan, 
Vienna, and elsewhere : three distiiict and very conspicuous 
rosv^culouTcd protuberances (as represented in the figure cited) 
Avere seen to project Ixiyond the dark limb of the moon, 
likened by some to flames, by others to mountains, but which 
their enormous magnitude (for to have been seen at all by 
tlie naked eye tlieir lieiglit must have exceeded 40,000 miles), 
and their faint degree of illuminat ion, clearly })rove to have 
been cloudy masses of the most excessive tenuity^ and which 
doubtless owed their sujijiort, and [irobably their existence, to 
such an aliuosjiliere as we are now sjieaking of. In the 
total eclipse of J uly 28. 1851, similar rose coloured protu- 
berances were observed, one In |>articular of a form quite 
decisive as to their cloudy nature, rising straight up verti- 


A 



cally from the edge of the disc, and then suddenly turning 
off at a riglit angle (as in the annexed figure) which repre- 
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scnts the appearance as seen by Prof. Schmidt, at P.asteii- 
burg, just as a column of smoke rising in calm air is often 
seen to be drifted off' horizontally wlien it has attained 
such a height as to bring it into an upper liurrent of wind. 
To complete the resemblance, a detached and perfectly in- 
sulated mass B of the same rosy colour was observed at some 
distance from the drifted train A, which was connected with 
another mass C, by a narrow red band or streak I). 

(395 «.) The existence of such an atmosphere superior to 
the luminous envelope being admitted, affords an easy ex- 
planation of the facula;, considei'ed as vast waves In the pho- 
tosphere (art. 388 ). In an atmosphere consisting of strata 
gradually decreasing in density, any cause of undulation 
acting on the inferior strata will throw them up to a vastly 
greater height, and therefore produce far greater waves in 
them than would arise from tlie same cause acting on the 
surface of a definite ocean of liquid matter, by reason of 
their being partially sustained against gravity, leaving their 
inertia free to c irry them up to a higher level. The experi- 
ment is easily tried in oil floating on water, or in saline 
solutions increasing in density downwards, and is at once 
amusing and IiivStriictive. [ See Note (O) § (395 4 5,.)] 

(396.) That the temperature at the visible surface of the 
sun cannot be otlicrwise than very elevated, mucli niore so 
than any artificial heat produced in our furnaces, or by 'iclio- 
mical or galvanic processes, we have Indications of sevfcral 
distinct kinds: l-st, From the hnv of decrease of radiant heat 
and light, which, being inversely as the squares of the distances, 
it follows, that the heat received on a given area exposed at 
the distance of the earth, and on an equal area at the visible 
surface of the sun, must be in the proportion of the area of 
the sky occupied by the sun’s apparent disc to the whole 
hemisphere, or as 1 to about 92,000. A far less intensity of 
solar radiation, collected in the focus of a burning glass, suf- 
fices to dissipate gold and platina in vapour. 2dly, From the 
facility with which the calorific rays of the sun traverse gla>ss, 
a property which is found to belong to tlie heat of artificial 
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fires in the direct proportion of their intensity.* 3dly, From 
the fact, that the most vivid flames disappear, and the most 
intensely ignited solids appear only as black spots on the disc 
of the sun whdii held between it and the eye.t From tlie 
last remade it follows, that the body of the sun, however dark 
it may appear when seen through its spots, may^ nevertholcss, 
be in a state of most intense ignition. It docs not, however, 
follow of necessity that it must be so. The contrary is at 
least pliysically possible. A perfectly rejiectwe canopy would 
effectually defend it from the radiation of the liiininons regions 
above its atmosphere, and no heat would be conducted down- 
wards through a gaseous medium increasing rapidly in density. 
That the penumbral clouds are highly reflective, the fact of 
their visibility in such a situation can leave no doubt. 

(397.) As tlie magnitude of the sun has been measured, 
and (as we shall hereafter vsee) its weight, or quantity of 
derable matter, ascertained, so also attempts have been inadis 
and not wholly without success, from the heat actually com- 
municated by its rays to given surfaces of material bodii's 
exposed to their vertical action on the earth’s surface, to esti- 
mate the total expenditure of heat by that luminary in a given 
time. The result of such experiments has been thus an- 
nounced. Supposing a cylinder of ice 45 miles in diameter, to 
be continually darted into the sun with the velocity of light y arjd 
that the water {produced by its fusion were continually carried 
off, the heat now given off constantly by radiation would then 
be wholly expended in its liquefaction, on tiie one hand, so as 
to leave no radiant surplus; wliilo on the other, the actual 
femperaturc at its surface would undergo no dimliuition.J 

• Ry direct measurement with the actinovivtpr^ 1 find tliat out of 1000 
calorific solar rays, 81fi penetrate a sheet of pl.ite glass 01 2 inch thick; and 
that of 1000 rays which liave passed through one such plate, 859 are capable 
of passing througli another. H. 1827. 

f 'J'he ball of ignited quicklime, in Lieutenant DruniTnond’s oxy-hydrogen 
lamp, gives the nearest imitation of the solar splendour which has yet l)Oen 
produced. The appearance of this against the sun was, however, as described 
in an imperfect trial at which I was present. The experiment ought to be 
repeated under favourable circumstances. — Note to the. ed. of 1833. According 
to the more recent experiments of Messrs. Fizeau and Foucault, the intensity 
of the light at the surface of Drummond’s lime-ball is only one-H6th part of 
that at the surface of the sun ! — (Note added 1858.) 

t Results of Astronomical Observations at the Cape of Good Hope,” p. *144. 
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(397 a,) Another mode of expressing the heat generated 
and radiated off* from the sun’s surface;, well calculated to im- 
press us Avith an overwhelming idea of the tremendous ener- 
oies there constantly m action^ is that employed by Pro- 
fessor Thomson, who estimates the dynamical effect which 
would be produced in our manufactories by a consumption of 
fuel competent to evolve the heat given out by each individual 
sfjuare yard of that surface, at 63000 horse-power, to main- 
tain which would require tlie combustion of 13500 pounds 
of coal per hour.* 

(398.) This immense escape of‘ heat by I'adiation, we may 
remark, will fully explain the constant state of tumiiltuons 
agitation in which the fluids composing the visible surface are 
maintained, and the continual generation and iilllng in of 
■yores, without having recourse to internal causes. The mode 
of action here alluded to is perfectly ro])resented to the eye 
ill the disturbed subsidence of a preci|>itate, as described in 
;irt. 387., when the fluid from Avhicli it subsides is warm, and 
losing licat from its surface. 

(399.) The sun’s rays are the ultimate source of almost 
every motion which takes place on the surface of the earth. 
By its heat are produced all winds, and those disturbances In 
the electric equilibrium of the atmosphere which give rise to 
the phamomeiia of lightning, and probably also to tliose of 
terrestrial magnetism and the aurora. By tlieir vivifying action 
vegetables are enabled to draw support tVoni inorganic matter, 

^ See I niiis. K.. S. Kclin. x\i. p. 69 ‘‘ On the Meehnnieal Energies of the 

Solar System, ” hy Sir W. Thonison. IVof. Nat- rijil, Glasgow. 'Xhe Pro- 
fessor grounds this estimate on M. Pouillet’s detornriinatlon of the amount of 
solar radiation and Mr. Joule's estimate of the mechanical equivalent of a cen- 
tigrade thermal unit. The author of this work found at the Cape of Good 
by experiments made on six sunjmer days, from December ‘2Srd, 1836', 
to January 9th, 1837, tlie snn being nearly vertical in each experiment, that 
m that latiimle at rnidsninmer, at noon, and at MO feet above the sea level, 
tile solar radiation is competent to melt an inch in tluckiiess from a slieet of 
iet‘ exposed perpendicularly to its rays (if wholly so employed) in ‘2**. I2“. 
I-*. Estimating the heat absorbed in traversing {>nr atmosphere at one-third of 
fhe total quantity IncidiMit on it. this gives, all reductions made, -13*39 feet in 
tliiekness <jt ico per minute melted at the sun's surface. M. Poiiillet’s experi- 
ments ( ina«le in June, 18*37), give 1 1 -SO metres or 38*7 feet per minute. Fort*-* 
tJet may therefore be taken as a itrobable mean, and from tliis the result iufaiic. 
397.) b calculated. 
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and become, in their turn, the support of animals and of man, 
and the sources of those great deposits of dynamical efficiency 
which are laid up for human use in our coal strata.* By them 
the waters of the sea are made to circulate in vapour through 
the air, and irrigate the land, producing springs and rivers. By 
them arc produced all disturbances of the chemical erpiilibrium 
of the elements of nature, which, by a series of compositions 
and decompositions, give rise to new products, and originate 
a transfer of materials. Even the slow degradation of the 
solid constituents of the surface, in which its cliicf geological 
changes consist, is almost entirely due, on the one hand, to tlie 
abrasion of wind and rain, and the alternation of heat and 
frost ; on the otlier, to the continual beating of the sea waves, 
agitated by winds, the results of solar radiation. Tidal action 
(itself partly due to the sun’s agency) exercises here a com- 
paratively slight influence. The effect of oceanic currents 
(mainly originating in that influence), though slight in abrasion, 
is powerful in diffusing and transporting the matter abraded ; 
and when ve consider the immense transfer of matter so pro- 
duced, the increase of pressure over large spaces in the bed 
of tlie ocean, and diminution over corresponding portions of 
the land, we are not at a loss to perceive how the cdastic 
power' of subterranean fires, thus repressed on the one hand 
and relieved on the other, may break forth in points wl»ere tlie 
rewsistance is barely adequate to their retention, and thus bring 
the pliamomena of even volcanic activity under tlie general 
Jaw of solar influence. f * 

(400.) The great mystery, however, is to conceive how v«o 
eno]*mous a conflagration (if such it be) can be kept uj). 
Every discovery in chemical science here leaves us conqiletely 
at a loss, or rather, seems to remove farther the prospec^t of 
probable explanation. If conjecture might be hazarded, we 
should look rather to the known possiliility of an indefinite 
generation of heat by friction, or to its excitement by the 

• So in the edition of 1833, The celebrated engineer Stephenson is generally* 
but erroneo!isly» cited as the originator of this rem^irk. 

f So in tlie edition of 183a 
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electric discharge, than to any actual combustion of [londerable 
fuel, whether solid or gaseous, for the origin of the solar 
radiation.* Photogra])hic representatb)ns of the s])ots have 
been rnnde witli much success by Mr. DclaKue.Avith a pho- 
tohelioscope ” at Kew : also by the Kev. W, Seh^^yn, Canon 
of Ely, &c. 

* Electricity traversing excessively rarefied air or vapours gives out light, 
and, doubtless, also hear. IVIay not a continual current of electric matter be 
constantly circulating in the sun’s immediate neighbourhood, or traversing the 
planetary spaces, and exciting, in the upper regions of its atmosphere, tlm>.e 
phsenomena of which, on however diminutive a scale, we have yet an unequivocal 
manifestation in our aurora borealis. The possible analogy of the solar light 
to tliat of the aurora has licen distinctly insisted on by the late Sir W. Ilerschel, 
in his [laper already cited. It would be a highly curious s;.d>jcct of experi- 
mental eiujuiry, liow far a mere reduplication of slieets of liaine, at a distance 
one behind the otiuT (by which their liij/it might be brought to any reipjired 
intensity )- would communicate to the heat of the resulting compound ray the 
pi.nvtrtitiufj character which distinguishes tlie solar calorific rays. We may alstj 
ol'serve that the trarupiiUlty of the sun’s polar, as compared with its eipiatorial 
regions (if its spots he really atmospherie), cannot be accounted for by its ro- 
tation on its axis only, but niust arise from some cause external to the luniinous 
surface the sun, as Ave see the belts of Ju^iiter and Saturn, and our trade- 
winds. arise from a cause external to tiiese planets, combining itself with their 
rotation which alone can produce no motions when once the form of equdlhrium 
is attained. 

The prismatic analysis of the solar beam exhibits in the spectrum a scries of 
“ fixed lines,” totally unlike those which belong to the light of any known ter- 
restrial flame. This may hereafter lead us to a clearer insight into its origin. 
But, helbre we can draw any conclusions from such an indication, we must 
recollect, that previous to reaching us it has undergone the whole ahsor|)tive 
action of our atmosphere, as well as of the sun’s. ()f the latter we knoiv' no- 
thing, and may eojijeeture every thing ; hut of the blue colour of the former we 
are sure ; and if this be an inherent (i e. an absorptive) colour, the air miist be 
expected to acton the spectrum after the analogy of other coloured media, which 
often (and especially liyht blue media) leave miabsorbed poitlons separated by 
dark intervals. It deserves enquiry, therefore, whether some or all the fixed 
lines observed by Wollaston atid Eraiinhofer may not have their origin in our 
own atmos|)hcre. Experiments made on lofty mountains, or the cars of l)aU 
looiis, oil the one hand, and on the other with reflected beams which liave been 
made to traverse several miles of additional air near the sur'\ce, would decide 
this point The absorptive ellcct of the sun's aanosjihero, and possibly also of 
the medium surrounding it (whatov<*r it be) which rcsisls the motions of cornels, 
cannot be thus eliminated. — Sole to the edition of I8i}3. The idea of referring 
the origin ot the solar lieat to friction has been worked out into an elahoiate 
theory by Prof, 'rhomson, in lus paper already cited, of which some account will 
he given in a more advanced portion of tiiis work. (1858 ) The recent re- 
markable results of what is called “ Spectrum Analysis” afford a curious 
commentary on this note. (18fi.‘k) [See note (M.) (1865.)] 


NorE ON Akt. (394, a.) — The year 1856’ was remarkable for tlie absence of 
spots in tlie sun (in exact accordance with Wolf’s period); during 1.S57 the 
phase of increased activity came on; and the present year ( J858) is ushered in 
''^ith a magnificent display of spots in the sun’s southern hemisphere. --A’d/e 
^ddedjan. 4. 1858.) 
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CHAPTEE VII. 

OF THE MOON. — ITS SIDEREAL PERIOD. — ITS APPARENT DIAMETER, 

ITS PARALLAX DISTANCE, AND REAL DIAMETER FIRST 

APPROXIMATION TO ITS ORBIT AN ELLIPSE ABOUT THE EARTH 

IN THE FOCUS. — ITS EXCEN TRICITY AND INCLINATION. MOTION 

OF ITS NODES AND APSIDES. Oli’ OCCUL TATIONS AND SOLAR 

ECLIPSES OENERALLY. LIMITS WITHIN WHICH THEY ARE POS- 
SIBLE, THEY PROVE THE MOON TO BE AN OPAQUE SOLID. ITS 

LIGHT DERIVED FROM THE SUN. ITS PHASES. SYNODIC RE- 
VOLUTION OR LUNAR MONTH. lIARVExST MOON, OF ECLIPSES 

MORE PARTICULARLY. THEIR PHA'iNOMENA. THEIR PERIODICAL 

RECURRENCE. — PHYSICAL CONSTITUTION OF THE MOON. ITS 

JMOUNTAINS AND OTHER SUPERFICIAL FEATURES. INDICATIONS 

OF FORMER VOLCANIC ACTIVITY. ITS ATMOSPHERE. CLIMATE. 

— RADIATION OF HEAT FROM ITS SURFACE. ROTATION ON ITS 

OAV N AXIS. LIERATION. APPEARANCE OF THE EARTH FROM 

IT. PROBABLE ELONGATION OF THE MOOn’s FIGURE IN THE 

DIRECTION OF THE EARTH. — ITS HABITABILITY NOT IMPOSSIBLE. 
—CHARTS, MODELS, AND PllOTOGRAITlS OF ITS SURFACE. 

(401.) The moon, like the sun, appears to advance among 
the stars Avith a movement contrary to the general diurnal 
motion of the heavens, but much more rapid, so as to be 
very readily perceived (as we have before observed) by a 
fcAV hours’ cursory atteution on any moonlight night. By 
this continual advance, AAdiich, though sometimes quicker, 
sonictimcs slower, is never intermitted or reversed, it makes 
the tour of the heavens in a mean or average period of 27^* 
7 ^ 43 in I returning, iu that time, to a position among 
the stars nearly coincident Avith that it had before, and which 
would be exactly so, but for reasons presently to be stated. 

(402.) The moon, then, like the sun, apparently describes 
an orbit round the earth, and this orbit cannot be very 
different from a circle, because the apparent angular diameter 
of the full moon is not liable to aiiy great extent of variation* 
(403.) The distance of the moon from the earth is con- 
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eluded from its horizontal parallax, which may be found 
either directly, by obse?:vations at remote geographical sta- 
tions, exactly similar to those described in art. 355., in the 
case of the sun, or by means of the ph«iiomcna called occul- 
tations, from which also its apparent diameter is most rea- 
dily and correctly found. From such observations it re- 
sults that the mean or average value of the moon’s horizon- 
tal parallax is 5 7 '2 '''3 2 5 *, and the mean distance of the center 
of the moon from that of the earth is 60’255 of the earth’s 
equatorial radii, or about 238793 miles, taking Avith Mr. 
Adams 57' 2"*325 for the mean horizontal parallax. This 
distance, great as it is, is little more than one-fourth of the 
diameter of the sun’s body, so that the globe of the sun 
Avould nearly twice include the wliole orbit of the moon ; 
a consideration wonderfully calculated to raise our ideas of 
tliat stupendous luminary I 

(404.) The distance of the moon’s center from an observer 
at any station on the earth’s surface, compared with its 
apparent angular diameter as measured from that station, will 
give its real or linear diameter. Now, the former distance 
is easily calculated when the distance from the earth’s center 
is known, and the apparent zenith distance of the moon also 
determined by observation ; for if avc turn to the figure of 
art. 339., and suppose S the moon, A the station, and C the 
earth’s center, tlie distance S C, and the earth’s radius C A, 
t wo sides of the triangle ACS arc given, and the angle 
(/ A S, which *is the supplement of Z A S, tlje observed 
zenith distance, whence it is easy to find A S, the moon’s 
distance from A. From such observations aiul calculations 
it results, that the real diameter of the moon is 2160 miles, 
or about 0*2729 of that of the earth, whence it follows that, 
the bulk of the latter being considered as 1, that of the 
former will be 0*0204, or about The difference of the 
apparent diameter of the moon, as seen from the earth’s cen- 
ter and from any point of its surface, is technically called the 
augmentation of the apj^an nt diameter, and its maximum 

• This result, recently arrived at by Mr. Adams, coincides almost precisely 
with that assigned by Henderson, viz. o7' 2'' -31. 
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occurs when tlie moon is In the zenith of the spectator. Her 
mean angular diameter, as seen froin the center, is 31' 
and is always = 0*545 x her horizontal parallax, 

(405.) By a scries of observations, such as described in 
art. 40:b, if'eontinued during one or more revolutions of the 
moon, its real distance may be ascertained at every point of 
its orbit : and if at the same time its apparent j)lnces in the 
heavens l)c observed, and reduced by means of its parallax 
to the earth’s center, their angular intervals will become 
known, so that the path of the moon may then be laid down 
on a chart supposed to represent the plane in which its orbit 
lies, just as was explained in the case of the solar ellipse 
(art. 349,). Now, when this is done, it is found that, neg- 
lecting certain small, though very perceptible deviations of 
which a satisfactory account will hereafter be rendered, the 
i'orm of the apparent orbit, like that of tlie sun, is elliptic, 
1)1 it considerably more eccentric, the eccentricity amounting 
lo ()*()5484 of the mean distance, or the major semi-axis of the 
cHi])se, and the earth’s center being situated in its focus. 

(40(5.) The plane in which this orbit lies is not the ecliptic, 
however, but is inclined to it at an angle of 5® 8' 48", which 
is called the inclination of the lunar orbit, and intersects it in 
two opi)Osite points, which are called its nodes — the ascend- 
ifKj node being that in which the moon passes from the 
southern side of the ecliptic to the northern, and the descend* 
lug the reverse. The points of the orbit at which the moon 
is nearest to, and farthest from, the earth, are called respec- 
tively its perigee and apogee, and the line joining them and 
the earth the line of apsides. 

(407,) Tiicire are, however, several remarkable circuin- 
Btances which interrupt the closeness of the analogy, which 
cannot fail to strike the reader, between the motion of the 
moon around tlie earth, and of the earth aroitnd the sun. In 
the latter case, the elli])se described remains, during a great 
many revolutions, unaltered in its position and dimensions ; 
or, at least, the changes which it undergoes are not percep- 
tible but in a course of very nice observations, which have 
disclosed, it is true, the existence of ])crturbations,’’ but of 
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80 minute an order, that, in ordinary parlance, and for 
common purposes, we may leave them unconsidered. But 
this cannot be done in the case of the moon. Even in a 
single revolution, its deviation from a perfect ellipse is very 
sensible. It does not return to the same exact position 
among the stars from which it set out, thereby indicating a 
continual change in the plane of its orbit. And, in effect, 
if we trace by observation, from month to month, the point 
where it traverses the ecliptic, we shall find that the nodes 
of its orbit are in a continual state of retreat \x\)OYi the ecliptic. 
Suppose 0 to be the earth, and A h a d that portion of the 
j)lanc of the ecli[)tic which is intersected by the moon, in its 
alternate passages through it, from south to north, and vice 
versa ; and let A B C D E F be a portion of the moon's 
orbit, embracing a complete sidereal revolution. Suppose it 
to set out from the ascending node, 

A ; then, if the orbit lay all in 
one plane, passing through O, it 
would have a, the o[)posite point a 
in the ecliptic, for its descending 
node ; after passing which, it would 
again ascend at A. But, in fact, 
its real path carries it not to a, but along a certain curve, 
A B C, to C, a point in the ecliptic less than ISO"" distant 
from A; so that the angle A O C, or the arc of longi- 
tude described between the ascending and the descending 
node, is somtiwhat less than 180^ It then jmrsues its 
course below the ecliptic, along the curve C I) E, and 
rises again above it, not at tlie point c, diametrically opposite 
to C, but at a [)oint E, less advanced in longitude. On the 
whole, then, tlie arc described in longitude between two 
consecutive passages from south to nortli, througli the plane 
of the eclijitic, falls short of SBO"" by the angle A 0 E ; or, 
in other words, the ascending node appears to have retreated 
in one lunation on the plane of the ecliptic by that amount. 
To complete a sidereal revolution, then, it must still go on to 
describe an arc, E F, on its orbit, which will no longer. 
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however, bring it exactly back to A, but to a point some- 
what above it, or having north latitude. 

(408.) The actual amount of this retreat of the moon 
node is about 3' r0''’64 per diem, on an average, and in a 
period of 67*53*39 mean solar days, or about 18-6 years, the 
ascending node is cari’icd round in a direction contrary to the 
moon’s motion in its orbit (or from cast to west) over a whole 
circumference of the ecli|)tic. Of course, in the middle of 
this period the position of the orbit must have been precisely 
reversed from what it was at the beginning. Its apparent 
path, then, will lie among totally different stars and con- 
stellations at different parts of this period ; and this kind of 
spiral revolution being continually kept up, it will, at one 
time or other, cover with its disc every point of the heavens 
within that limit of latitude or distance from the ecliptic 
wlilch its Inclination ])ermits; that is to say, a belt or zone 
of the heavens, of 10*^ 18' in breadtli, having the ecliptic for 
its middle line. IVevertheless, it still remains true that the 
actual place of the moon, in consequence of this motion, 
deviates in a single revolution very little from what it would 
be were the nodes at rest. Supposing the moon to set out 
from its node A, its latitude, when it comes to F, having 
completed a revolution in longitude, will not exceed 8' ; 
Avlilcli, though small in a single revolution, accumulates in its 
effect in a succession of many : it is to account for, and re- 
present geometrically, this deviation, that the motion of the 
nodes is devised. 

(409.) The moon’s orbit, then, is not, strickly speaking, an 
ellipse returning into itself, by reason of the variation of 
the plane In which It lies, and the motion of its nodes. But 
even hiving aside this consideration, the axis of the ellipse 
is itself constantly changing its direction in space, as lias 
been already sfktcd of the solar ellipse, but much more 
rapidly; making a complete revolution, in the same direction 
witli the moon’s own motion, in 3232*5753 mean solar days, 
or about nine years, being about 3° of angular motion in a 
\v hole revolution of the moon. This is the phainomenon known 
by the name of tlic revolution of the moon s apsides. Its 
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cause will be hereafter explained. Its immediate effect is 
to produce a variation in the moon’s distance from the earth, 
which is not included in the laws of exact elliptic motion. 
Ill a single revolution of the moon, this varmtion of distance is 
trifling ; but in the course of many it becomes coivsiderable, as 
is easily seen, if we consider that in four years and a half the 
position of the axis will be completely reversed, and the apo- 
gee of the moon will occur where the perigee occurred before. 

(410.) The best way to form a distinct conception of the 
moon’s motion is to regard it as describing an ellipse about 
the earth in the focus, and, at the same time, to regard this 
ellipse itself to be in a twofold state of revolution ; 1st, in its 
own plane, by a continual advance of its axis in that plane 
and 2dly, by a continual tilting motion of the plane itself, 
exactly similar to, but much more rapid than, tliat of tlie 
enrth’s equator produced by the conical motion of its axis, 
described in art 317. 

(411.) As the moon is at a very moderate distance from 
i\B (astronomically speaking), and is in fact our nearest 
neighbour, while the sun and stars are in comparison immensely 
beyond it, it must of necessity happen, that at one time or 
other it must pass over and occult or eclipse every star and 
planet within the zone above described (and, as seen from the 
surface of earth, even somewhat beyond it, by reason of 
parallax, which may throw it apparently nearly a degree 
citlier way from its place as seen from the centre, according 
to tlie observers station). Nor is the sun itself exempt 
from being thus hidden, whenever any part of tlie moon’s 
disc, in this her tortuous course, comes to overlap any part 
of the space occupied in the heavens by that luminary. On 
these occasions is exhibited the most striking and inujressive 
of all the occasional phenomena of astronomy, an eclipse of the 
sun^ in wliicli a greater or less portion, or even in some rare 
conjunctures the whole, of its disc is obscured, and, as it 
were, obliterated, by the superposition of that of the moon, 
which appears upon it as a circularly-terminated black spot, 
producing a temporary diminution of daylight, or even 
nocturnal darkness, so that the stars appear as if at midnight. 
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la other cases^ when, at the moment tliat tlie moon is centrally 
superposed on the sun, it so hap[)ens thiit her distance from the 
earth is such as to render her angular diameter less than the 
sun’s, the very singular phenomenon of an annular solar ecliim 
takes place/ when tiie edge of the sun appeal's for a few 
minutes as a narrow ring of light projecting on all sides 
beyond the dark circle occupied by the moon in its centre. 

(412.) A solar eclipse can only happen when the sun and 
moon are in conjunction, that is to say, have the same, or 
nearly the same, jiosition in the heavens, or the same lon- 
gitude. It appears by art. 409. that this condition can only 
be fulfilled at the time of a new moon, though it by no means 
follows, that at every conjunction there must be an ecli])se of 
tlic sun. If the lunar orbit coincided with the ecliptic, this 
would be the case, but as it is inclined to it at an angle of 
upwards of 5°, it is evident that the conjunction, or equality 
of longitudes, may take place when the moon is in tlie part 
of her orbit too remote from the ccli})tic to permit the discs 
to meet and overlap. It is easy, however, to assign the 
limits within which an eclipse is possible. To this end we 
must consider, tliat, by the effect of parallax, the moon’s 
apparent edge may be thrown in any direc tion, according to 
a spectator’s geographical station, by any amount not exceed- 
ing her horizontal partdlax, and the same holds good of the sun, 
so tliat there is a displacement to the extent of the difference 
of the two [larallaxes. Now, this comes to the same (so far 
as the possibility of an eclipse is concerned) as i'f the apparent 
diameter of the moon, seen from the earth’s centre, were 
dilated by twice the difference of their horizontal parallaxes ; 
for if, when so dilated, it can touch or overlap the sun, there 
must be an eclipse at some part or other of the earth’s surface. 
If, then, at the moment of tlie nearest conjunction, the geo- 
centric distance of the centres of the two luminaries do not 
exceed the sum of their semidiameters and of the last men- 
tioned difference, there will be an eclipse. The sum is, at its 
maximum, about 1° 34" 26'. In the spherical triangle SNM, 
then, in which S is the sun’s centre, M the moon’s, SN the 
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M N the moon’s orbit, and N the node, we may 
BU[)pose the angle N S M a right i 
angle, SM=1° 34^ 26^', and the ^ 

auglo M N S = 5° 8' 48", the in- 1x0 
clinatlon of the orbit. Hence we v \ 

calculate S N, which comes out ^ _0\ 

IG'’ 58'. If, then, at the moment ^ 
of the new moon, the moon’s node is farther from the sun 
in longitude than this limit, there can be no eclipse ; if 
within, there may, and probably will, at some part or other 
of the earth. To ascertain precisely whether there will or 
not, and, if there be, how great will be the part eclipsed, 
the solar and lunar tables must be consulted, the place of 
the node and the semidiameters exactly ascertained, and the 
local parallax, and a}>parciit angmeiitation of the moon’s 
diameter due to the difference of lier distance from tlie 


observer and from the center of the cartli (which may 
amount to a sixtieth part of her horizontal diameter), de- 
termined; after which it is easy, from the above consideration'^’, 
to calculate the amount overlapped of the two discs, anrl 
their moment of contact, 


(413.) The calculation of the occultation of a star depends 
on similar considerations. An occultation is possible, when 
the moon’s course, as seen from the earth’s centre, carries her 
within a distance from tlie star equal to the sum of her 
semidiameter and horizontal parallax ; and it will happen at 
any jjorticula^^ spot, wlien her apparent path, as seen from 
that spot, carries her center within a distance equal to the 
sum of her augmented semidiameter and actual parallax. Tlie 
details of these calculations, wdiich are somewhat troublesome, 
must be sought elsewhere.^ 

(414.) The phsenornenon of a solar eclipse and of an occul- 
tation are highly interesting and instructive In a physical 
point of view. They teach us that the moon is an opaque 
body, terminated by a real and sharply defined surface in- 


* Woodhouse’s Astronomy, vol. i. See also Trans. Ast, Soc, vol. i, p. ses. 
Sec also Prof*. Loomis's Introduction to Practical Astronomy, in whicli every 
detail of the calculation will bo found illustrated by niimoriciil examples 
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tercepting light like a solid. They prove to us, also, that at 
those times when we cannot see the moon, she really existvS, and 
pursues her course, and that when we see her only as a 
orescent, howevci narrow, the whole globular body is thercy 
filling up the deficient outline, though unseen. For occulta- 
tions take place indifferently at the dark and briglit, tlic 
visible and invisible outline, whichever happens to be towards 
the direction in which the moon is moving; with this only 
difference, that a star occulted by the bright limb, if the 
plrccnomenon be watched with a telesco|)C, gives notice, by 
its gradual approach to the visible edge, when to expect its 
disappearance, wliile, if occulted at tlie dark limb, if the 
'moon, at least, be more than a few days old, it is, as it were, 
extinguished in mid-air, without notice or visil>le cause for 
its disappc'ararice, which, as it happens i/istanifriumish/, and 
witlioiit the slightest previous diniinution of its light, is 
nlways surprising; and, if the star be a large and briglit one, 
even startling from its suddenness. The re-ap[)earance of 
the star, too, when the moon has passed over it, takes place 
in those cases when the bright side of the moon is foremost, 
not at the concave outline of the crescent, but at the 
invisible outline of the complete circle, and is scarcely less 
surprising, from its suddenness, than its disappearance in 
the other case.^ 

(415.) The existence of the complete circle of the disc, 
even when the moon is not full, does not, liowevcr, rest only 
oil the evidence of occultations and eelipsesl" It may be 

* There is an o]}tifal illusion of a very strange and unaccountable nature 
which has often becMi remarked in occultations. The star aupcars to advance 
acrually upon and within the edge of the disc before it disapj)ears, and that 
sometimes to a considerable depth. I have never myself witnessed this singular 
elfect, but it rests on most unequivocal testimony. I have called it an optical 
illusion ; but it is barely ptmible that a star may sliine on sueli occasions tlirough 
deep fissures in the substance t)l* the moon. The occultations of close double 
*tars ought to be narrowly watched, to see whether both individuals are thus 
projected^ as well as for other purposes connected with their theory'. 1 will only 
hint at one, viz. that adoul)le star, too du&t to be sec*n divided with any telescope, 
may yet be detected to be double by the mode of its disappearance. Should a 
considerable star, for instance, instead of undergoing Instantaneous and corn}>Iete 
extinction, go out by two distinct steps, following dose upon each other; first 
losing a portion, then the whole remainder of its light, we may be sure it is a 
double star, though we cannot see the individuals separately, — NoU to Ih 
edit. 
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^een^ when the moon is crescent or waning, a few dnys before 
and after the new moon^ with the naked eye, as a pahj round 
body, to which the crescent seems attached, and somewhat 
projecting beyond its outline (which is* an optical illusion 
arising from the greater intensity of its light). The cause 
of this appearance will presently be explained. Meanwhile 
the fiict is sufficient to show that the moon is not inlierenfh/ 
luminous like the sun, but that her light is of an adventitious 
nature. And its crescent form, increasing regularly from 
a narrow semicircular line to a complete circular disc, cor- 
responds to tlie a|)pearancc a globe would present, one 
hemisphere of which was black, the other white, when 
differently turned towards the eye, so as to present a greater 
or less portion of each. The obvious conclusion from this is, 
that the moon is such a globe, one ludf of which is brightened 
by the rays of some luminary sufficiently distant to enliglitcu 
the complete hemisphere, and siifficiently intense to give it 
the degree of s|)len(lour we see. Now, the sun alone is 
competent to such an effect. Its distance and light suffice ; 
and, moreover, it is Invariably observed that, when a crescent, 
the bright edge is towards the sun^ and that in proportion as 
the moon in her monthly course becomes more and more 
distant from the sun, the breadth of the crescent increases, 
and vice versa. 

(416.) The sun’s distance being 23984 radii of the earth, 
and the moon’s only 60, the former is nearly 400 times the 
latter. Lines, therefore, drawn from the sun to every part 
of the moon’s orbit may be regarded as very nearly parallel.^ 
Suppose, now, O to be the earth, A 11 C D, &c. various 
positions of the moon in its orbit, and S tlie sun, at the vast 
distance above stated ; as is sliown, then, in the figure, the 
hemisphere of the lunar globe turned towards it (on the 
right) will be bright, the opposite dark, wherever it may 
stand in its orbit. Now, in the position A, when in con- 
junction with the sun, the dark part is entirely turned 
towards O, and the bright from it. In this case, then, the 

The angle subtended by the moon’s orbit, as seen from the sun (in the mean 
Mate of things)* is only 17' 12". 
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moon is not seen, it is nen) moon. When the moon has come 
to C, half the bright and half tlie dark hemisphere are pre- 



»sented to O, and the same in the opposite situation G : these 
are the first and third quarters of the moon. Lastly, when 
at E, the whole bright face is towards the earth, the whole 
(lark side from it, and it is then seen wholly bright or full 
moon. In the intermediate positions B D F H, the portions 
of the bright face presented to O will be at first less than 
half the visible surface, then greater, and finally less again, 
till it vanivshes altogether, as it comes round again to A. 

(417.) These monthly clianges of appearance, or phases^ 
as they arc eall(*d, arise, then, from the moon, an opaque 
body, being illuminated on one side by the sun, and reflet^ting 
from it, in all directions, a portion of the light so received. 
Nor let it be thought surprising that a solid substance thus 
illuminated should appear to shme and again illuminate the 
earth. It is no more than a white cloud doe^s standing off 
upon the clear blue sky. By day, tlie moon can hardly be 
distinguislied in brightness from such a cloud ; and, in the 
dusk of the evening, clouds catching the last rays of the sun 
appear with a dazzling splendour, not inferior to the seeming 
brightness of the moon at night.* That the earth sends also 
such a light to the moon, only probably more powerful by 

♦ The actual illumination of the lunar surface is not much superior to that of 
weathered sandstone rock in full sunshine. I have frequently compared the 
moon setting behind the grey perpendicular facade of the Table Mountain, 
iJluminati d l)y the sun just risen in the op]>osite quarter of the horizon, wlien it 
has scarcely been distinguishable in brightness from the rock in contact with it. 
The sun and moon being nearly at equal altitudes and the atmosphere perfectly 
fr< e from cloud or vaj)our, its effect is alike on both luminaries, (fl. 1848.) 
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reason of its greater apparent size*, Is agreeable to optu^al 
principles, and explains the appearance of the dark portion 
of the young or waning moon completing its crescent (art. 
413). For, when the moon is nearly new lo the earth, the 
latter (so to speak) is nearly full to the former; it then 
illuminates its dark half by strong earth-light; and It is a 
portion of this, reflected back again, which makes it visible 
to us ill the twilight sky. As the moon gains age, the earth 
offers it a less portion of its bright side, and the phjenomenon 
in question dies away. The light of the full moon esti- 
mated hy Bouguer on the result of photometric comparisons, 
as only one 300000th part of that of the sun. 

(418.) The lunar month is determined by the recurrence 
of its phases ; it reckons from new moon to new moon ; that 
is, from leaving its conjunction with the sun to its return to 
conjunction. If the sun stood still, like a fixed star, the 
interval between two conjunctions would be the same as the 
period of the moon’s sidereal revolution (art. 401.); but, as 
the sun apparently advances in tlie heavens in the same 
direction with the moon, only slower, the latter has m ae 
than a complete sidereal period to perforin to come up with 
the sun again, and will require for it a longer time, which is 
the lunar month, or, as it is generally termed in astronomy, a 
synodical period. The difference is easily calculated by con- 
sidering that the superfluous arc (whatever it he) is described 
by the sun with the velocity of 0'’*98565 per diem^ in the same 
time that the moon describes that arc plus a complete revolu- 
tion, with her velocity of 13°-17640 per diem ; and, the times 
of description being identical, the spaces are to each other in 
the proportion of the velocities. Let V and v be the mean 
angular daily motions of the sun and moon as above x the 
superfluous arc; then V : u : : 360^ : x\ and V — t? . v : : 

X 

•J60'’ : X, whence x is found; and - =the time in days in which 


the sun describes the arc x, that is, thesy nodical period = 


360 " 


• T'he apparent diameter of the moon is 32' from the earth ; that of the earth 
seen from the moon is twice her horizontal parallax, or 1*^ 54'. The apparent 
surfaces, therefore, are as (114)*; (32)*, or as 13 : 1 nearly, 

T 
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r=: ^ 'I\ if p, P are the periodic times of each separately, 

/>— P 

which reduced to numbers, gives, 29'*-530589 = 29'* 12’* 44“ 
2’-87. 

(419.) Supposing the position of the nodes of the moon’s 
orbit to permit it, when the moon stands at A (or at the new 
moon), it will intercept a part or the whole of the sun’s rays, 
and cause a solar ecli|>se. On the other hand, when at E 
(or at the full mooif), the earth O will intercept the rays of 
the sun, and cast a shadow on the moon, thereby causing a 
lunar eclipse. And this is consonant to fact, such eclipses 
never happening but at the time of the full moon. But, 
what is still more remarkable, as confirmatory of the position 
of the earth’s sphericity, this shadow, which we plainly see 
to enter upon and, as it were, eat away the disc of the moon, 
is always terminated by a circular outline, though, from the 
greater size of the circle, it is only partially seen at any one 
time. Now, a body which always casts a circular shadow 
iniist itself bo s|)lierical. 

(420.) Eclipses of the sun are best understood by re- 
garding the sun and moon as two iudcpeiidciit luminaries, 
each moving according to known laws, and viewed from the 
earth ; but it is also instructive to consider eclipses generally 
as arising from the shadow of one body thrown on another by 
a luminary much larger than either. Suppose, then, A B to 



represent the sun, and C D a spherical body, whether earth 
or moon, illuminated by it. If we join and prolong A C, B D ; 
since A B is greater than C D, those lines will meet in a point 
E, more or less distant i'rom the body C 1), according to its 
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eize, and within the space C E D (which represcnt»s a cone, 
since C D and A li are sjpheres), there will be a total shadow. 
This shadow is called the umhra^ and a spectator situated 
within it can see no part of the sun’s disc. Beyond tlie 
umbra are two diverging spaces (or rather, a portion of a 
single conical space, having K for its vertex), where if a 
spectator be situated, as at M, he will see a portion only 
(A O N P) of the sun’s surface, the rest (B O N P) being 
obscured by the earth. He will, therefore, receive only 
partial sunshine; and the more, the nearer he is to the 
exterior borders of that cone which is called the penumbra. 
Beyond this he will see the whole sun, and be in full illu- 
mination. All these circumstances may be perfectly well 
sliown by holding a small globe up in the sun, and receiving 
Its shadow at different distances on a sheet of paper. 

(421.) In a lunar eclipse (represented in the upper figure), 
the moon is seen to enter * the penumbra first, and by 
degrees, get involved in the umbra^ tlie former borderiiig 
the latter like a smoky haze. At this period of the eclipse, 
{ind while yet a conside rable I'art of the moon remains uii- 
obscured, the portion involved in the umbra is invisible to ^ 
the naked eye, tliough still perceptible in a telescope, and of | 
a dark grey hue. But as the eclipse advances, and the 
enlightened part diminishes in extent, and grows gradually 
niore and more obscured by the advance of the penumbra^ 
the eye, relieved from its glare, becomes more sensible to 
feeble impressioiis of light and col ur; and pliienomeiia of a 
remarkable and instructive charjxcUir begin to be developed. 
The umbra is seen to be very far from totally dark ; and in 
its faint illurriiiuition it exhibits a gradation of colour, being 
bluish, or even (by contrast) somewhat greenish, towards 
the borders for a space of about 4' or 5' of apparent angular 
breadth inwards, thence passing, by delicate but rapid gi’a- 
Nation, through rose red to a fiery or copper-coloured glow, 
like that of dull red-hot iron. As the eclipse proceeds this 
glow spreads over the whole surface of the moon, which then 

^ The actual contact with the penumbra is never seen ; the defalcation of 
tight conifS on m) very gradually that it is nut till when already deeply iininer^ed, 
that il is perceived to be sensibly darkened. 
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becomes on some occasions so strongly Illuminated, as to cast 
a very sensible shadow, and allow t.hc s})ots on its surface to 
be perfectly well distinguished tbroiigh a telescope. 

(422.) The ciiuse of these singular, and sometimes very 
beautiful appearances, is the refraction of the sun’s light in 
passing through our atmosphere, which at tlie same time 
becomes coloiiriHl with the hues of sunset by the absorption 
of more or less of the violet and blue rays, as it passes 
througli strata nearer or more remote from the earth’s surface, 
and therefore, more or less loaded with vapour. To show this, 
let A D a be a section of the cone of the urnhra, and F B lif 



of the penumbra, through their common axis D E S, passing 
through the centers E S of the earth and sun, and let K M k 
be a section of these cones at a distance E M from E, eijual 
to the radius of the moon’s orbit, or 60 radii of the earth.* 
Taking this radius for unity, since E S, the distance of the 
sun, is 23984, and the semidiameter of tlie sun 111 such 
units, we readily calculate D E=:218, D M.-158, for the 

* The figure is unavoidably drawn out of all proportion, and the angles 
violently exaggerated. 'Che re.ider ihould try to draw the figure in its true 

prn'jortioi.s. 
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distances at wliicli the apex of the geometrical umbra lies 
behind the earth and the moon respectively. We also find 
for the measure of the angle E D 15' 46", and therefore 
D B E rr89” 44' 14", whence also we get^M C (the linear 
scniidiarnetcr of the = 0*725 (or in miles 2868), and 

the angle C E M, its apparent angular semidiameter as seen 
from E = 41' M2". And instituting similar calculations for 
the geometrical penumbra we get M K=: 1*280 (5064 miles), 
and K E M 1 ° IM' 20 " ; and it may be well to remember 
that the doubles of these angles, or the mean angular diame- 
ters of the timhra and penumbra^ are described by the moon 
with its mean velocity in 2^ 46“, and 4^ 56"^ respectively, 
which are therefore the respective durations of the total and 
partial obscuration of any one })oint of tlic moon’s disc in 
traversing centrally the geometrical shadow. 

(423.) Were the earth devoid of atmosphere, the whole of 
the pluenomena of a lunar eclipse would consist in these 
partial or total obscurations. Within the space C c the 
wliole of the light, and within K C and e A a greater or less 
portion of it would be intercepted by the solid body B h 
of the earth. The refracting atmosphere, however, extends 
from B 5, to a certain unknown, but very small distance 
B II, i A, which, acting as a convex lens, of gradually (and 
very rapidly) decreasing density, disperses all that com- 
paratively small portion of light which falls upon it over a 
space bounded externally by H < 7 , parallel and very nearly 
coincident with B F, and internally by a line B z. the former 
representing the extreme exterior ray from the limb a of the 
sun, the latter, the extreme interior ray from the limb A. 
To avoid complication, however, we will trace only the 
courses of rays which just graze the surface at B, viz. : B r 
from the upper border, A, and B v from the lower, a, of the 
sun. Each of these rays is bent inwards from its original 
course by double the amount of the liorizontal refraction 
(33') L e, by 1 ° 6 ', because, in passing from B out of the 
atmosphere, it undergoes a deviation equal to that at entering, 
and in the same dii’cction. Instead, therefore, of pursuing 
the courses B T), B F, these rays respectively will occupy 
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the positions B z B v, making, witli the aforesaid lines, the 
angles D B y, F B each 6'. Now we have found 
D B E = 89® 44' 14'' and therefore F B E (=:D B E -f 
angular diani. of ©) — 90° 16' 17"; consequently the angles 
E B y aiqi E B r will be respectively 88° 38' 14" and 
89° 10' 17", from which we conclude E 2r=42*04 and E ?;:= 
69*14 ; the former falling short of the moon’s orbit by 17*96, 
and the latter surpassing it by 9*14 radii of the earth. 

(424.) Tlie penumbra, therefore, of rays refracted at B, 
will be spread over the space v B y, tliat at II over g H rf, 
and at the intermediate points, over similar intermediate 
spaces, and through this compound of superposed penumbriB 
• the moon passes during the whole of its path through the 
geometrical shadow, never attaining the absolute umbra B z b 
at all. Without going into detail as to the intensity of 
the refracted rays, it is evident that the totality of light so 
thrown into the shadow is to that which the earth intercepts, 
as the area of a circular section of the atmosphere to that of 
a diametrical section of the earth itself, and, therefore, at all 
(i vents but feeble. And it is still further enfeebled by actual 
clouds suspended in tliat portion of the air which fortns the 
vivslble border of the earth’s disc as seen from the moon, as 
well as by the general want of transparency caused by in- 
visible va[)our, which is especially effective in the lowermost 
strata, within three or four miles of the surface, and which 
will impart to all the rays they transmit the ruddy hue of 
sunset, only of douhle the depth of tint which we admire in 
our glowing sunsets, by reason of the rays liaving to traverse 
twice as great a thickness of atmosphere. This redness will 
be most intense at the points a*, y, of the moon’s ptith through 
the umbra, and will thence degrade very rapidly outwardly, 
over the spaces x C^y less so iuwardly, over xy. And at 
C, c, its hue will be mingled with the bluish or greenish 
light which the atmosphere scatters by irregular dispersion, 
or in other words by our twilight (art. 44. ). Nor will the 
jduenomenon be uniformly conspicuous at all times. Sup- 
posing a generally and dcejjly clouded state of the atmosphere 
around the edge of (he earth s disc visible from tlie moon 
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({. <?. around that great circle of the earth, in which, at the 
moment the sun is in tlie horizon,) little or no refracted light 
may raach the moon.^ * Supposing that circle partly clouded 
and partly clear, patches of red light corr^ssponding to the 
clear j)ortions will be thrown into the umbra, and may give 
rise to various and changeable distributions of light on the 
eclipsed disef; while, if entirely clear, the eclipse will be 
remarkable for the conspicuousness of the moon during the 
Avhole or a part of its immersion in the umbra, J 

(425.) Owing to the great size of the earth, the cone of its 
umbra always projects far beyond the moon ; so that, if, at 
the time of a lunar eclipse, the moon’s path be properly 
directed, it is sure to pass through the umbra. This is not, < 
however, the case in solar eclipses. It so haj)pens, fi‘om the 
adjustn)ent of the size and distance of the n oun, that the 
extremity of her umbra, always falls near the earth, InU some- 
times attains and sometimes falls sliort of its surface. In the 
former case (rejiresented in the lower figure, art. 420.) a black 
spot, surrounded by a fainter shadow, is formed, beyond 
wliich there is no eclipse on any part of the earth, but within 
which there may be either a total or partial one, as the 
spectator is within the umbra or penumbra. When the apex 
of the umbra falls ou the surface, the moon at that point will 
appear, for an instant, to just cover the sun ; Init, when it 
falls short, there will be no total eclipse on any [uirt of the 
earth ; but a spectator, situated in or near the prolongation 
of the axis of» the cone, will see the whole of the moon on 
the sun, altliough not large enough to cover it, i, e. he will 
witness an annular eclipse, a phienomcnon to which much 
interest is attached by reason of some curious optical j)lrxno- 
niena first observed by Mr. Baily at tbe moments of the 
forming and breaking of the annulus, like beads of light 

• As in til c eclipses of June 5. 1620, April 25. 1642. Lalantie, Ast. 1769. 
Also December 9. J 601, and June 10. 1816, on which occasions the moon was 
totally invisible even in telescopes. 

t As in the eclipse of Oct. 13. 1837, observed by the antlior. 

t that ot Marcli 19. 1848, when the moon is desevihed as givinj^ ‘‘good 

H{?ht * during more than an hour after Us total immersion, and some persons 
even doubted its luring eclipsed. (Notices of ll. Asi. Sue. viii, p. 132. ' 
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alternating with black thready elongations of the moon’s 
limb, known by the name of Baily’s beads.^^ 

(426.) Owing to a remarkable enough adjustment of the 
periods in which the moon’s synodical revolution, and that of 
her nodes, are performed, eclipses return after a certain 
period, very nearly in the same order and of the same 
magnitude. For 223 of the moon’s mc^an synodical revolu- 
tions, or lunations^ as they are called, will be found to occupy 
6585*32 days, and nineteen complete synodical revolutions 
of the node to occupy 6585 *7^^. The difference in the mean 
position of the node, then, at the beginning and end of 223 
lunations, is nearly insensible; so that a recurrence of all 
•eclipses within that interval must take place. Accordingly^, 
this period of 223 lunations, or eighteen y^ears and ten days, 
is a very important one in the calculation of eclipses It is 
supposed to have been known to the Chaldeans, the earliest 
astronomers, the regular return of eclipses having been 
known as a physical fact for ages before their exact theory 
was understood. In this period there occur ordinarily 70 
eclipses, 29 of the moon, and 41 of the sun, visible in some 
part of the earth. Seven eclipses of either sun or moon at 
most, and two at least (both of the sun), may occur in a 
year. 

(427.) The commencement, duration, and magnitude of a 
lunar eclipse are much more easily calculated than those of a 
solar, being independent of the position of tlie vspectator on 
the earth’s surlacc, and the same as if viewed from its centre. 
The common center of the umbra and 'penumbra lies always 
in the ecliptic, at a point opposite to the sun, and the path 
described by the moon in passing through it is its true orbit 
as it stands at the moment of the full moon. In this orbit, 
its position, at every instant, is known from the lunar tables 
and e{)heineris ; and all we have, therefore, to ascertain, is, 
the moment when the distance between the moon’s center and 
the center of the shadow is exactly equal to the sum of the 
senudiameters of the moon and penumbra, or of the moon and 
umbra, to know when it enters upon and leaves them re- 
spectively. No lunar eclij>se can take [)lace, if, at the moment 
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of the full moon, the sun be at a greater angular distance 
from the node of the moon’s orbit tlian 11^ 21', meaning by 
an eclipse the immersion of any part of the moon in the 
umbra^ as its contact with the penumbra cannot be observed 
(see note to art, 421.). 

(428.) The dimensions of the shadow, at the place where 
it crosses the moon’s path, require us to know the distances 
of the sun and moon at the time. These are variable ; but 
are calculated and set down, as well as their semidiameters, 
for every day, in the ephemeris, so that none of the data are 
wanting. The sun’s distance is easily calculated from its 
elliptic orbit; but the moon’s is a matter of more difficulty, 
by reason of the progressive motion of the axis of the lunar 
orbit. (Art 409.) Both, however, are readily obtained 
from the ephemeris for every day ; the sun’s distance being 
given explicitly and the moon’s implicitly, from her tabu- 
lated apparent diameter. 

(428 «.) It deserves to be mentioned that the moon may 
be seen eclipsed while the sun is yet above the horizon by a 
s[)cctator properly situated, so that both luminaries being 
on his mathematical horizon shall be raised above it by 
refraction, which (art. 43.) exceeds the apparent diameter 
of either. This singular conjuncture of circumstances is 
said to have been observed from Montmartre, near Paris, 
by the assembled academicians of that city in A, D. 1668. 

(428 ^.) The full moon which happens on or nearest to the 
2 1st of September Is called the harvest moon, because it 
rises from night to iiiglit, after the full, more nearly after 
sunset than any other full moon in the year, ard is therefore 
favourable for evening work in carrying in the late crops. 
Suppose the full moon to happen on that day (the time of 
the autumnal equinox) the sun is then entering Libra, and 
the moon Aries, the former setting due west, the latter 
rising due east; the southern half of the ecliptic is then 
entirely above and the northern below the horizon, and the 
ecliptic itself makes then the least possible angle with the 
horizon. In advancing then 12® or one (lay’s mohon, along 
the c(diptic (or along its own orbit, which is n()t much in- 
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dined to it) it will become less depressed below the horizon, 
and have, therefore, a less hour angle to travel over by the 
diurnal motion after sunset the next night to bring it into 
view than at any other time. The most favourable harvest 
moon is when the full moon, falling on the 21st of September, 
happens at the same time to be in the ascending node of her 
orbit, which then coincides with the vernal equinox. 

(429,) The physical constitution of the moon is better 
known to us than that of any other heavenly body* By the 
aid of telescopes, we discern inequalities in its surface which 
can be no other than mountains and valleys, — for this plain 
reason, that we see the shadows cast by the former in the 
exact proportion as to length which they ought to have, when 
we take into account the inclination of the sun’s rays to that 
part of the moon’s suriace on which they stand. The convex 
outline of the limb turned towards the sun is always circular, 
and very nearly smooth ; but tlie opposite border of the en- 
lightened part, which (were the moon a perfect sphere) 
ought to be an exact and sharply defined ellipse, is always 
observed to be extremely ragged, and indented with deep 
recesses and prominent points. The mountains near this edge 
cast long black shadows, as they sliould evidently do, when 
we consider that the sun is in the act of rising or setting to 
the parts of the moon so circumstanced. But as the en- 
lightened edge advances beyond them, i, e. as the sun to them 
gains altitude, their shadows shorten ; and at the full moon, 
when all the light falls in our line of sight, no shadows are 
seen on any part of her surface. From micrometrical mea- 
sures of the lengths of the shadows of the more conspicuous 
mountains, taken under the most favourable circumstances, 
the heights of many of them have been calculated. Messrs. 
Beer and Maedler, in their elaborate work, entitled Der 
Mond,’^ have given a list of heights resulting from such 
measurements, for no less than 1095 lunar mountains, among 
which occur all degrees of elevation up to 3569 toises 
(22,823 British feet), or about 1400 feet higher than Chim- 
borazo in the Andes. The existence of such mountains is 
further corroborated by their appearance, as small points or 
islands of light beyond the extreme edge of the enlightened 
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part, whicli arc their tops catching the sun-beams before the 
intermediate plain, and which, as the liglit advances, at length 
connect themselves with it, and appear as [)rominences from 
the general edge. 

(430.) The generality of the lunar inountaiii[^ present a 
striking uniformity and singularity of aspect. They are 
wonderfully numerous, especially towards the southern portion 
of the disc, occupying by fiir the larger portion of the surface, 
and almost universally of an exactly circular or cup“sha])ed 
form, foreshortened, however, into ellijjses towards the limb; 
but the larger have for the most part flat bottoms within, 
from which rises centrally a small, steep, conical hill. They 
offer, in short, in its highest perfection, the true volcanic 
character, as it may be seen in the crater of Vesuvius, and in 
a map of tlie volcanic districts of the Cam[)i Phlogran* or 
the Puy de Dome, but with this remarkable peculiarity, 
viz. : tlnit the bottoms of many of the craters are very deeply 
depressed below the geiKjral surface of the moon, the internal 
depth being often twice or three times the external lieiglit. 
Ill some of the principal ones, decisive marks of volcanic 
stratifieation,arising from successive deposits of cyected matter, 
and evident indications of lava currents streaming outwards 
in all directions, may be clearly traced with powerful tele- 
scopes. (See PI. V. fig. 2.)t In Lord llosse’s magnificent 
reflector, the flat bottom of the crater called Albategnius is 
seen to be strewed with blocks not visible in inferior t ic- 
scopes, while the exterior of another ( Arlstillns) is all hatched 
over witli deep gullies radiating towards its center. What 
is, moreover, extremely singular in the geology of the moon 
is, that, although nothing having the (character of seas can 
be traced, (for the dusky spots, whicli are commonly called 
seas, when closely examined, present appearances incom- 
patible with the supposition of deep water,) yet there are 
large regions perfectly level, and ap[)arcntly of a decided 
alluvial character ; as there are also here and thi rc, chains 
of mountains whose appearance snggesis no suspicion of 
volcanic origin. [^See (430 a) in Note H]. 

* See Breistak’s map of the environs of Naples, and of Auvergne 

t From a drawing taken with a reflector of twc’iity fee t focal Icr.glh (/i). 
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(431.) We perceive on the moon no clouds, nor iiny otlier 
decisive indications of an atmosphere. W ere there any, it 
could not fail to be perceived in the bcciiltations of stars and 
the pluenomena of solar eclipses, as well as in a great variety 
of other phfcnomena. The moon’s diameter, for example, as 
measured micrometrically, and as estimated by the interval 
between tlie disappearance and reappearance of a star in an 
occultation, ought to differ by twice the horizontal refraction 
at the moon’s surface. Xo appretiable difference being per- 
ceived, we are entitled to conclude the non-existence of anv 
atmosphere at its edge dense enough to cause a refraction of 
1" L e, having one 1980th part of the density of the earth’s 
‘ atmosphere. In a solar eclipse, the existence of any sensible 
refracting atmosphere in the moon, would enable us to trace 
the limb of the latter beyond the cusps, externally to the 
sun’s disc, by a narrow^ hut brilliant Hue of light, extending 
to some distance along its edge. Xo such plneiiomenon is 
seen. Very faint stars ought to be extinguislied before 
occultation, were any appretiable amount of vapour suspended 
near the surface of the moon. But such is not the case; 
wlien occulted at the bright edge, indeed, tlie light of the 
moon extinguishes small stars, and even at tlie dark limb, the 
glare in the sky caused by the near presence of the moon, 
renders the occultation of very minute stars unobservable. But 
during the continuance of a total lunar ecli|)se, stars of the 
tenth and eleventh magnitude are seen to come up to the 
limb, and undergo sudden extinction as well UuS those of greater 
brightness.* Hence, the climate of the moon must be very 
extraordinary ; the alternation being that of unmitigated and 
burning sunshine fiercer than an equatorial noon, continued 
for a whole fortnight, and the keenest severity of frost, far 
exceeding that of our polar winters, for an equal time. Such 
a disposition of things must produce a constant transfer of 
whatever moisture may exist on its surface, fnan the point 
beneath the sun to that opposite, by distillation in vacuo after 
the manner of the little instrument called a cryo-phorus. The 
consequehee must be absolute aridity below the vertical sun, 

• As observed by inyscif in the eclipse of Oct. 13. 1SS7. 



CLIMATE AND HEAT OF THE MOON. 


285 


constant accretion of* hoar frost in tlie opi)ositc region, and, 
perhaps, a narrow zone of running water at the borders of 
the enlightened hemisphere.* It is possible, then, that evapo- 
ration on the one hand, and condensation on the other, may 
to a certain extent |)rescrve an equilibrium of temperature, 
and mitigate the extreme severity of both climates; but this 
process, which wT)nld imply the continual generation and 
destruction of an atmosphere of aqueous vapour, must, in con- 
formity witli what has been said above of a lunar atmosphere, 
be confined within very narrow limits. 

(432.) Though tlie surface of the fidl moon exposed to us 
must necessarily be very much heated, — jwssibly to a degree 
much exceeding that of boiling water, — yet wc feel no beat 
from it, and even in the focus of large reflectors, it fails to 
affect the thermometer. No doubt, therefore, its heat, ((*on- 
forrnably to wliat is observed of that of bodies lieated Ix low 
the point of luminosity,) is much more readily absorbed in 
travci'sing transparent media than direct solar heat, and is 
extinguished in the upper regions of our atmosphere, never 
reaching the surface of the earth at all. Some probability 
is given to this by the tendency to disappearance of clouds 
under the fall luoon^ a meteorological fact^ (for as such we 
think it fully enl ith^d to rank f,) for which it is necessary to 
seek a cause, and for which no other rational oxj)lanation 
seems to offer. As for any other influence of the moon on 
the weatlu^r, we have no decisive evidence in its favour. 

(433.) A circle of one second in diameter, as seen from the 
earth, on the surface of the moon, contains about a square 
mile. Telescopes, therefore, must yet be greatly improved, 
before we could expect to see signs of inhabitants, as manifested 
by edifices or by changes on the surface of the soil. It should, 
however, be observed, that, owing to the small density of the 

• So in ed. of 1 833. 

t From my own observations, made quite independently of any know- 
ledge of siicli a tendency having been observed by others. Humbohlt, howevev, 
in his Personal Narrative, speaks of it as well known to the pilots and seamen 
of Spanish Ametica. 

M. Arago has shown, from a comparison of rain, registered as having fallen 
during a long period, th*it a slight preponderance in respect of quantity falls 
near tho new moon over that which falls near the full. This would be a natural 
and necessary consequence of a preponderance of a cloudless sky about tlie full, 
hUfl forms therefore, part and parcel of the same melt or(>h)gical fact. 
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materials of the moon, and the comparatively feeble gravitation 
of bodies on her surface, muscular force would there go six 
times as far in overcoming the weight of materials as on the 
earth. Owing td the want of air, however, it seems im- 
]) 0 ssible that any form of life, analogous to those on earth, can 
subsist there. No appearance indicating vegetation, or the 
slightest variation of surface, which can, in our opinion, fairly 
be ascribed to change of season, can any where be discerned. 

(434.) Tiie lunar summer and winter arise, in fact, from 
the rotation of the moon on its own axis, the period of which 
rotation is exactly equal to its sidereal revolution about tlie 
earth, and is performed in a plane I"" 30' 11" inclined to the 
'ecliptic, whose ascendlmj node is always precisely coincident 
witJi the descending node of the lunar orbit. So tliat the axis 
oF rotation describes a conical surface about the pole of the 
ecli[)tic in one revolution of the node. The remarkable 
coincidence of the two rotations, that about the axis and 
tliat about the earth, which at first siglit would seem per- 
fectly distinct, has been asvserted (but we think somewliat 
too hastily*) to be a consequence of the general laws to be 
explained hereafter. Be that how it may, it is the cause 
why we always see the same face of the moon, and have no 
knowledge of tlie other side.f 

(435.) The moon’s rotation on her axis is uniform ; but 
since her motion in licr orbit (like that of the sun) is not so, 
we are enabled to look a few degrees round the equatorial 
parts of her visible border, on the eastern or ^western side, 
according to circumstances ; or, in other words, the line 
joining the centers of the earth and moon fluctuates a little 
in its position, from its mean or average intersection with her 
surface, to the east or westward. And, moi*eovcr, since the 

See Edinburgh Review, No. 175. p. 192. « 

■t Strange to say, there are persons who find it difficult to regard as a rotation 
on its own axis, that peculiarity of the moon’s motion which consists in its 
keeping the same face always towards the eartli. Should any of our readers be 
in this predicament, we recommend him to plant a staff upright in the ground, 
and, grasping it with both hands, walk round it, keeping as close to it as possible, 
with his face always turned towards it ; when the unrnistakeable sensation of 
giddiness will effect nail y satisfy him of the fact of his rotation on his own a>tis, 
or he may ^valk round a tree, always facing it, and caiTying a compass in hi« 
liand, and while watching the needle during a few circuits endeavour to per* 
snade himself that he does not turn upon his own center. 
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axis about which she revolves is neither exactly perpendiculur 
to her orbit, nor holds an invariable direction In space, lier 
V)oles corae alternately into view for a small sj)ace at the edges 
of her disc. These phasnoinena are known by the name of 
iihrations. In consequence of these two distinot kinds of 
libration, the same identical point of the moon’s surface is not 
always tlie center of her disc, and we therefore get sight of a 
zone of a lew degrees in breadth on all sides of the border, 
beyond an exact hemisphere. 

(436.) If there be inhabitants in the side of the moon 
turned towards us, the earth must present to them the extra- 
-ordinary appearance of a moon of nearly 2° in diameter, 
exhibiting phases complementary to those which we see the 
iiioon to do, but immovably fixed in their shy^ (or, at least, 
(diaiiging its apparent place only by the small aniourit of tl»e 
libration,) while the stars must seem to pass slowly beside 
and behind it. It will appear clouded with variable spots, 
and belted with equatorial and tropical zones corresponding 
to our ti'ade-winds ; and it may be doubted whetljer, in their 
j)er[)etual change, the outlines of our continents and seas can 
ever be clearly discerned. During a solar eclipse, the earth’s 
atmosphere will become visible as a narrow, but bright, 
luminous ring of a ruddy colour, where it rests on the earth, 
gradually passing into faint blue, ericirding the whole or part 
of the dark disc of the earth, the remainder being dark and 
ragged with clouds. 

(436 «.) On •the subject of the moon’s habitability, the 
complete absence of air noticed in art. (431.), if general over 
her tvhole surface^ would of course be decisive. Some con- 
siderations of a contrary nature, however, suggest them- 
selves in consequence of a remark lately made by Prof. 
Hansen, viz., that the fact of the moon turning always the 
same face towards the earth is in all probability the result of 
an elongation of its figure in the direction of a line joining 
.the centers of both the bodies acting conjointly with a non- 
coincidence of its center of gravity with its center of symmetry^ 
To the middle of the length of a stick, loaded with a heavy 
weight at one end and a light one at the other, attach a 
string, and swing it round. The heavy weight will assume and 
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maintain a position in tlie civcuhition of the joint mass farther 
from the hand than the lighter. This is not improbably 
what takes place in the moon. Anticipating to a certain 
extent what he will find more fully detailed in the next 
cliapter, the reader may consider the moon as retained in her 
orbit about the earth by some coercing power analogous to 
that which tlie hand exerts on the compound mass above 
described through the string. Sup230se, then, its globe made 
up of materials not homogeneous, and vso disjiosed in its 
interior that some considerable jireponderance of weight 
should exist excentrically situated : then it will be easily 
apprehended that the portion of its surface nearer to that 
heavier j^ortion of its solid content, under all the circum- 
stances of a rotation so adjusted, will j^ermanently occu])y 
the situation most remote from the eartli. Let us now con- 
sider what may be expected to be the distribution of air, 
water, or other fluid on the surface of such a globe, sujii^os- 
ing its quantity not sufficient to cover and drown the whole 
mass. It will run towards the lowest place, that is to say, 
not the nearest to the center of figure or to the central point 
of the mere space occupied by the moon, but to the center of 
the mass, or what is called in mechanics the center of gravity. 
There will be formed there an ocean, of more or less extent 
acci)rding to the quantity of fluid, directly over tlic heavier 
nucleus, while the lighter portion of the solid material will 
stand out as a continent on the opposite side. And the 
height above the level of such ocean to which it will project 
will be greater, the greater the excentricity of the center of 
gravity. Suppose then that in the case of the moon tliis 
excentricity should amount to some thirty or forty miles, 
sin h would be the general elevation of the lunar land (or the 
portion turned earthwards) abov^ its ocean, so that the whole 
of that portion of tlie moon we see would in fact come to be 
regarded as a mountainous elevation above the sea level. 

(436 fi.) In what regards its assumption of a definite level, 
air obeys precisely the same hydrostatical laws as water. The 
lunar atmosphere would rest upon the lunar ocean, and form 
in its basin a lake of air ^ wliose upper portions at an altitude 
as we are now contemplating, would be of excessive 
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tenuity, especially sliould the lunar provision of air be less 
abundant in proportion Jbhan our own. It by no means 
follows, then, from the absence of visible indications of water 
or air on this side of the moon, that the other is equally 
destitute of them, and equally unfitted for maintaining 
animal or vegetable life. Some slight approach to such a 
state of things actually obtains on the eartli itself. Nearly 
all the land is collected in one of its hemispheres, and much 
the larger portion of the sea in the opposite (art. 284.). There 
is evidently an excess of heavy material vertically beneath 
the middle of the Pacific ; while not very remote from the 
point of the globe diametrically opposite rises the great 
table-land of India, and the Himalaya chain, on the suminits 
of which the air has not more than a third of tlie density it 
has on the sea4cvel, and from which animated existence is 
for ever exclvKled. 

(4.37.) The best charts of the lunar surface are those of 
Cassini, of Ilusscl (engraved from drawings, made by the aid 
of a seven feet reflecting telescope,) the seleno-topographical 
charts of Lohrmanri, and the very elaborate projection of Beer 
and Maedlcr accompanying their work already cited. Madrune 
Witte, a Hanoverian lady, has recently succeeded in pro* 
dneing from her own observations, aided by Maedlcr’s charts, 
more than one complete model of the whole visible lunar 
hemisphere, of the most perfect kind, the result of incredible 
diligence and assiduity. Single craters have also been 
modelled on a large scale, both by her and Mr, Nasmyth. 
Still more recently (1351 — 1863), photography has been 
applied with success to the exact delineation of the lunar 
surface, by Mr. Whipple, using for this purpose the great 
Fraunhofer equatorial of the Observatory at CMinl)ridge, 
H.S. ; by Mr. Hartnup, with the equatorial of the Liverpool 
Observatory ; but more especially by Mr. DclaEiic,wit!i an 
equatorially mounted Newtonian reflector of 13 inches 
aperture and 10 feet focal length.* § (437«) in Note I.] 
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CHAPTER VIIL 

OF TKKUESTIUAL OUAVITY. OF THE LAAV OF IJNIVPMiSAI. GUA~ 

VITATION. — FA l JiS OF I'KOJECTIT.KS ; APPAliENT KEAL — ■ 

THE AIOON Rl!n AINi:D JN 111:R OUIJIT KY GliAVlTY. - ITS LAW 

OF DIMLNUTION. - - LAWS OF ELLIPTIC MOTION* ORBIT OF THE 

EARTH ltOUXI> THE SUN IN ACCOPa>ANCE WITH THESE LAWS. 

MASSES OF THE EARTH AND SUN COMPARED. — DENSITY OF THE 

SUN. — force of CRAVITT at its SURFACE, DISTURBING 

EFFECT OF THE SUN ON THE MOOn’s MOTION. 

(438.) The reader has now been made acquainted with the 
chief |)heMomeHa of tlie motions of the earth in its orbit 
round the sun, and of the moon about the earth. — We come 
next to S])eak of tlu^ physical cause ivhlcli inaintains and 
perpetuates tlu^se motions, and causes the massive bodies so 
revolving to deviate eontinualJy fi-om the directions they 
would natmally seek to follow, in pursuaneci of the first law 
of moiiou and bend their courses into curves concave to 
their centers. 

(439.) Whatever attempts ipay have been made by meta 
j)liysi(‘al writers to I’cason away th(3 connection of cause and 
effect, and fritter It down into the uiisatisfactory relation of 
habitual sequence f, it is certain that the conception of some 
more real and intimate comiection ivS quite as strongly im- 
pressed upon the human mind as that of the existence of an 
external world, — tlie vindication of whose reality has (strange 


• Princip. I^cx. i. 

•I See Brown On Cause and F.ffVct/’ — a work of great acuteness and subtlety 
of reasoning on some points,^ but in which the whole train of argument is 
vitiated l>y one enormous oversight ; the omission, namely, of a distinct ami im- 
mediate persanol amHcioumess of citiisation in his enumeration of that sequence of 
events, by which tlie volition of the mind is made to terminate in the iviotion of 
material objects. I mean the consciousness of effort, accompanied with intention 
thereby to accomplish an end, as a thing entirely distinct from mere desire or 
i\>litioii on tin* one hand, ami from mere spasmodic contraction of muscles on 
iijc cJihcr. Broun, :Jd edit. Kdiii J81S, p. -=17. (Note to edition of LS^RJ. ) 
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to say) been I’cgnrded as an aeliievenient of no coinnion merit 
in the annals of this bvancli of pliilosophy. It is our own 
inimediiite conscfiousness of (fforty when we exert force to put 
matter in motion, or to o{)posc and neutralize force, which 
gives us this internal conviction of power and causation so far 
as it refers to tlie material world, and compels us to believe 
that whencA cr we see niat(n*ial objects ])nt in motion from 
a state of rest, or deflected from their j’ccti linear paths and 
changed in their velocities if already in motion, it ivS in conse- 
(pience of such an effout somehon: exerted, though not aceom- 
j>anied with our consciousness. That sucli an elfort sliould be 
exerted witli success through an interposed space, is no doubt 
<riliicult to conceive. Ikit the dilHculty is no way alleviated 
hy the inter]:K>sili()n of any kind of material communication, 
'file action of mind on matter admits of no explanation in 
words or elucidation by jiarallels. We know it as a fact, but 
ai e utterly incapable of analysing it as a process. 

(440.) All bodies with which we are acquainted, wlien 
raised into tlie air and quietly aliandoned, descend to the 
eartifs surface iu lines pcrpendicnlar to it. 4Micy are there- 
fore urged thereto by a force or cifort, wliich it is but reason- 
able to regard as the direct or indirect resrdt of a conscioiisness 
and a will existing sometohere, though beyond our pow er to 
trace, w hich force wo term graoitip and whose tendency or 
direction, as universal experience teaches, is tOAvards the 
earth’s (*cnt er ; or rather, to speak strictly, with reference to 
its spheroidal figure, perpendicular to the surface of still Avater. 
But if Ave cast a body obliquely into the air, this tendency, 
thongli not extinguished or diminished, is materially modified 
in its ultimate effect. The upward iiripettis Ave give tlie stone 
is, it is time, after a time destroyed, and a doAvuward one 
conimunicatcd to it, Avhlch idtimately brings it to tlie surliiee, 
where it is opposed in its further progress, and brouglit to 
vest. But all the Avhile it has been Continually deflected oi 
bent aside from its rectilinear progress, and made to describe 
a (Uirved line concave to the earth’s center ; and having a 
icighest pointy vertex, or just as the moon lias in its orbit, 

wlicrc the direction of its motion Is perpendicular to the radius 

(441.) Wdien the stone which ayc fling obliquely u|»warda 

i; 2 



292 


OUTLINES OF ASITIONOMY. 


meets and is stopped in its descent by the earth’s surface, its 
motion is not toicards the center^ but inclined to the earth s 
radius at the same angle as when it cpiitted oiir hand. As 
we are sure that, if not stopped by the resistance of the earth, 
it would Continue to descend, and that ohllquely^ what pre- 
sumption, we may ask, is there that it woidd ever reach tlie 
center towards which its motion, in no part of its visibh^ 
course, w as ever directed ? What reaso]i have we to believe 
tliat it might not rather circulate rouud it, as the moon does 
round the earth, returning again to tlie point it set out from, 
after conipleti ng an clli{)tic orbit of which the earth's center 
occupies the lower focus ? And if so, is it not reasonable to 
iraagirie that the sainc force of gravity may (since we know 
that it is exerted at all accessible heights above the surfice, 
and even in the highest regions of the atmos[)here) extend as 
far as 60 radii of tlie earth, or to the moon ? and may not tliis 
be the power, — for power there iw/yaY be, — which de- 

flects her at every instant from the tangent of her orbit, and 
keeps her in the elliptic path which experience teaches us she 
actually pursues ? 

(442.) If a stone be whirled round at the end of a string 
it wdll stretch the string by a centrifuyal force, which, if the 
speed of rotation lie sufficiently increased, will at length break 
the string, and let the stone escape. However strong the 
string, it may, by a sufficient rotary velocity of the stone, be 
brought to the utmost tension it will bear without breaking ; 
and if we know what weight it is capable of carrying, the 
velocity necessary for this purpose is easily calculated. Sup- 
pose, now, a string to connect the earth’s center with a weiglit 
at its surface, wliose strength should be just sufiicient to 
sustain that weight suspended from it. Let us, however, 
for a moment Imagine gravity to have no existence, and that 
the weight is made to revolve with the limiting velocity which 
that string can barely couiiteract : then will its tension be 
just equal to the weight of the revolving body ; and any 
power which should continuall}^ urge the body towards the 
(•enter with a force equal to its weight would perform the 
office, and might svip[)1y the place of the string, if divided. 
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Divide it then, and In its place let gi avity act, and the body 
will circulate as before ; its tendency to the center, or 
weif/ht, Ixdng just balanced by its centrifugal force. Know- 
ing the radius of the earth, we can cahnilate.by tlie priiKaples 
of mechanics the periodical time in wliich a body so balanced 
must circulate to keep it up; and this appears to be 23”^ 
22 \ 

(443.) If wc make the same calculation for a body at the 
distance of the moon, siipposincf ita weixjht or gravity the same 
as at the earth's snrfacey wc shall liiid the period recjuired to 
l)e 45^^^ 30'^. The actual period of the moon’s revolution, 
liowevcr, is 21^ 7^* 43"^' ; and hence it is clear that the moon’s 
velocity is not nearly sufficient to sustain it against such a 
power, supposing it to revolve in a circle, or neglecting (for 
the present) the slight elliiiticity of its or] at. In order that 
a body at ilie distance of tlicj moon (or the moon Itself ) should 
he capable of heeping its distance from tlie earth by the out- 
^vnrd off’ort of its centrifugal force, while yet its time of 
revolution should be what the moon’s actually is, it will 
appear’^ tliat (jrn.rAty^ instead of being as intense as at the 
surface, would require to be very nearly 3t)0() times less 
energetic ; or, in other words, that its intensity is so enfeebled 
hy the remoteness of the body on mIucIi it acts, as to be ca- 
j)al)]e of producing in it, in the same time, only part 

of the motion wliich it would Impart to the same mass of 
matter at the earth’s vSiirfacc. 

(444.) The .distjuice of the moon from tlie eartli’s center 
is very nearly sixty times the distance from the center 
to the surface, and 3300 : 1 : : 60 ^ ; r^; tliat tlie pro- 
jjortion in which we must admit the earth’s gravity to be 
enfeebled at the moon’s distanee, if it be really tlie force 
which retains the moon in her orbit, must be (at least in this 
particular instance) that of the squares of the distances at 
wliicli it is compared. Now, in such a diminution of energy 
v,dth increase of distance, there is nothing priina facie inad- 
missible. Kmariations from a cent(n*, such as liglit and heat, 

* Newton, Princip. b. i,, Prop. 4., Cor. 
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do really diminivsh in intensity by In(?rease of (listance, and 
in this identical proportion; and though wo cannot certainly 
argue much fi*om this analogy, yet ^Ve do see that the power 
of magnetic and electric attractions and repulsions is actually 
enfeebled by distance, and much more rapidly than in tlie 
simple proportion of the increased distances. The argument 
therefore, stands thus: — On the one hand, Gravity is a real 
power, of whose agency we have daily experience. AVe 
know that it extends to the greatest accessible heights, and 
far lieyoiid ; and we see no reason for drawing a line at any 
particular height, and there asserting that it must cease 
entirely ; though we have analogies to lead us to suppose its 
^ energy may diminish as we ascend to great heights from the 
surface, such as that of the moon. On the other hand we 
are sure the moon is urged towards the eartli by some, power 
which retains her In her orbit, and that the intensity of this 
j)Ower is such as would correspond to a gravity, diminished in 
the pro|>oi*tion — otherwise not improbable — of the squares 
of the distances. If gravity be not that jiower, there must 
exist some other ; and, besides this, gravity must cease at 
some inferior level, or the nature of the inoon must be different 
from that of’ ponderable matter ; — for if not, it would be 
urged by both powers, and therefore iirgcd and forced 

inwards from her jiath. 

(415.) It is on such an argument that Newton is under- 
stood to have rested, in the first instance, and provisionally, 
his law of nuivcrsal gravitation, which may he »tlius abstractly 
stated; — Every particle of matter in the univei*se attracts 
every other particle, with a force directly pro])ortioned to 
the mass of the attracting particle, and inversely to the square 
of the distance between them.” In this abstract and a^eueral 
fonn, however, the proposition is not applicable to the case 
before us. llie earth and moon are not mere particleSy but 
great s])herical bodies, and to such the general law does not 
immediately apply; and, before we can make it applicable, it 
becomes necessary to enquire what will be the force with 
whicli a congeries of particles, constituting a solid mass of 
any assigned figure, will attract another such (*ollectioii of 
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material atoms. This problem is one purely (lyuamical, and, 
in this its general form, is of extreme difficulty. Fortunately 
however, for liuman kiKywle<lge when tlie attracting and at- 
tracted bodies are s[>heres, it admits of aiji easy and direct 
solution. Newton himself has shown (/Vl/^cyy. b, i. prop. 75.) 
that, in that case, the attraction is precisely the same as if 
the wliole matter of each sphere were collected into its center, 
and the spheres were single partiedes there placed ; so that, 
in this case, the general law applies in its strict wording. 
The clfect ol* the trifling deviation of the (iarth from a s[)]icrlcal 
form is of too minute an order to need attention at })reseiit. 
It ivS, however, perceptible, and may be hereafter noticed, 
(446.) Tlie next step In tlie Newtonian argument is one 
which divests the law of gravitation of its provisional character, 
as derived from a loose and superficial consideration, of the 
lunar orlfit as a circle described with an average or mean 
\elocity, and elevates it to the rank of a general and pri- 
mordial relation by proving its applicalnlity to the state of 
existing nature in all its circumstances. This step consists 
in demonstrating, as he has done* {Princip, i. 17. I. 75.), 
tliat, under the influence of such an attractive force mutually 
urging two spherical gra^’itatIng bodies towards each otlier, 
they will each, when moving in each otlier’s neighbourhood, 
he deflected into an orbit concave towards the other, and 
describe, one about tlui other regarded as fixed, or both 
round their cornmon centre of gravity, curves Avhose forms 
are limited to tliose figures knowji in geometry by the 
general name of coiii(^ sections. It will de[>eiid, h(‘. shotvs, 
in any assigned case, upon the particular ci^'ciimstaiices of 
velocity, distance, and direction, ivhich of these curves shall 
be desci‘ibed, — whether an ellipse, a circle, a paiidiola, or 

• \Vl‘ refer for these fiiii(lanieiit:i] proposiuons, as a point of duty, to the im- 
mortal work in which they were first profmuiided. It is impossilde for us, in 
this voIuiTie, to { into these investigations: even did onr limits permit, it would 
be utterly ii tent with our plan; a general idea, however, of rheir conduct 

be given in tlie next cliapter. We trust that tiie careful and attentive study 
of the i^rincipia m vrujinnl form w'ill never be laid aside, wliatever be the 

impn lysis as respects facility of <*alciilation and ex- 

pression. From > other ejuarter can a thorough and eoiupK'te comprclu'nsion 
of the nieehanisn: of our system, (so far as the immediate scope of that worl; 
extends,) be anything like so well, and we may add, so easily obtained. 
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ail hyperbola ; but one or other it must be ; and any one of 
any degree of eccentricity it may be, according to the cir« 
cumstanccs of the case ; and, in all hises, the point to which 
the motion is referred, whether it be tlie centre of one of the 
spheres, or their common centre of gravity, will of necessity 
be the focus of the conic section described. He shows, 
furthennore (Princip. i. 1.), that, in every case, the avyular 
velocity with which the line joining their centres moves, must 
be inversely proportional to the square of' their mutual 
distance, and that equal areas of the curves described will be 
swept over by their line of junction in equal times. 

(447.) All this is in conformity with what we have stated 
# of the solar and lunar movements. Their orbits are ellipses, 
but of different degrees of eccentricity; and this circumstance 
already indicates the general ap})licability of the principles 
in question. 

(448.) But here avc have already, by a natural and ready 
Imjilication (such is always the progress of generalization), 
taken a fiirther and most Important step, almost unperceived. 
We liave extended the action of gravity to the case of the 
earth and sun, to a distance immensely greater than that of 
the moon, and to a body a])parent]y quite of a different 
nature than either. Are we justified in this ? or, at all events, 
are there no modifications introduced by the change of data, 
if not into the gc^neral expression, at least into the particular 
interpretation, of the law of gravitation ? Now, the moment 
we come to numbers, an obvious incongruity strikes us. 
W^lien we calculate, tis above, from tlie known distance of 
the sun (art. 357.), and from the period in which the earth 
circulates about it (art. 305.), wdiat must be the centrifugal 
force of the latter by which the sun’s attraction is balanced, 
(and which, therefore, becomes an exact measure of the sun’s 
attractive energy as exerted on the earth,) \ve find it to be 
immensely greater than w^ould suffice to counteract the eartPs 
attraction on an equal body at that distance— greater in the . 
high proportion of 354936 to 1. It is clear, then, that if 
the earth be retained in its orbit about the sun by solar 
attraction^ conformable in its rate of diminution with the 
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general law, this force must be no less than ,'h5493fi tlinea 
more Intense than what the earth would be capable of exerting, 
cateris paribus, at an equal distance. 

(449.) What, then, are we to understand from this residi? 
Simply this, —that the sun attracts as a collection of 35493d 
earths occupying its place would do, or, in other words, 
that the sun contains 354936 times the mass or quantity of 
ponderable matter that the earth consists of. Nor let this 
conclusion startle us. We have only to recall what has 
been already shown in (art. 358.) of the gigantic dimen- 
sions of this magnificent body, to perceive that, in assigning 
to it so vast a mass, we are not outste[)j)ing a reasonable 
proportion. In fact, when ive come to compare its mass 
with its bulk, we find itvS density* to be less than that of the 
earth, being no more than 0*2543. So that it must consist, 
in reality, of far to* materials, especially when we consider 
the force under which its central parts must be condensed. 
'Jdiis consideration renders it highly probable that an intense 
heat prevails in its interior by which its elasticity is reinforced, 
and rendered capable of resisting this almost inconceivable 
pressure without collapsing into smaller dimensions. 

(450.) This will be more distinctly a])[n'etiatcd, if we 
estimate, as we are now prepai*ed to do, the intensity of 
gravity at the sun’s surface. 

The attraction of a sphere being tlie same (art. 445.) as if 
its whole mass were collected in its centre, will, of course, 
be proportiontil to the mass directly, and the s{piare of ^tlie 
distance inversely ; and, in this case, the distance Is the 
radius of the sphere. Hence we concludef, that the in- 
tensities of solar and terrestrial gravity at the siirfacevS of tlu^ 
two globes are in the proportions of 27*9 to 1. A pound of 
terrestrial matter at the sun’s surface, then, would exert a 
pressure equal to what 27*9 such pounds WT)uld do at the 

The density of a material body is as the mass directly, and tlie volume in- 
versely: hence density of 0; density of ^ : 1. 

t Solar j^ravity: terrestrial :: • (TOor ' 

of the sun and earth beiug 10000, and 10(^1 miles. 
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earth’s. The efficacy of muscular ])ower to overcome 'vveiglit 
is therefore proportionally nearly 28 times lesson the sun 
than on the eai-th. An ordinary man, for (ixample, would 
not only l)e unable to sustain his own weight on tlie sun, 
but would literally be crushed to atoms under tlie loa(h* 

(451.) llenceforward, then, we must consent to dismivss 
all idea of the eartli’s immobility, and transfer tliat attribute 
to the sun, wliosc ponderous mass is calculated to exhaust 
the feelde attractions of such comparative atoms as the earth 
and moon, without being perceptibly di*agged from its place. 
Their centre of gravity lies, as we have already hinted, 
ahnost close to the centre of the solar globe, at an inlcrvat 
• quite imperceptible from our distance ; and wlnither we 
regard tlie earth’s orbit as being performed about tbo one or 
the other cent(T makes no apprctiable ditferenee in any one 
phenomenon of astronomy. 

(452.) It is in consccpience of the mutual gravitation of 
all the seveial })arts of matter, wliich the I^Jewtonian law 
supposes, that the earth and moon, while in the act of 
revolving, monthly, in their mutual orbits about their coimnou 
ceiit(;r of* gravity, yet continue to circulate, without parting 
com[)auy, in a greater autmal orbit round the sun, AVe may 
conceive this jiiotion by connecting two unequal balls by a 
short stick, which, at their common center of (jravity is siis- 
p(mded by along string and made to gyrate conically round 
a point vertically below that of sus})cnsion. Their joint system 
will circulate as one [lendiilous mass alioufc this imaginary 
center, while yet they may go on circulating round each 
other in suhoiHllnate gyrations, as if tlie stick were quite free 
from any such tie, and merely hurled through the air. If 
the eartli alone, and not the moon, gravitated to the sun, it 
would be dragged away, and leave the moon behind — and 
vice versa ; but, acting on both, tlicy continue, together under 
its attraction, just as the loose parts of the earth's surface 
continue to rest upon it. It is, tlien, in strictness, not the 
earth or the moon which describes an ellipse around the sun, 
but their common center of gravity. The effect is to produta^ 

* A mass writhing I ‘J .stone or 168 lbs, on the earth would produce a 
pressure of 16*87 U)s. on the sun. 
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a small, but very perceptible, monthly in llicsuiis 

apparent motion as seen from the earth, which is ahvays 
tal^en into account in* calculating the sun’s j)lact^ The 
moon’s actual jijith in its compound orbit round the earth 
and sun is an epicycloidal curve intersecting the prbit of the 
enrth twice in ev{ny lunar month, and alternately M’itliin and 
without it. i)ut as there arc not more tlian twelve such 
months in the year, and as the total de|)jirture of tlie moon 
from it either way docs not exceed one 400 tli part of the 
radius, this aniouuts only to a slight undulation u[)on the 
eartii’s elli[)sc, so slight, indeed, that if drawn in true jzropor- 
tion on a larger sheet of paper, no eye unaided i)y measurement 
witii (*onipass(‘s woidd detect it. Tlie real orbit of tlie moon 
is everywhere (‘oncave towards the sun. 

(45d.) Here moreover, /. c, in the attraction of tlie sun, we 
have the hey to all those diHeronces fi'om an exa(.‘t clli|>ti(i 
movement of the moon in her monthly orbit, which we ha\ e 
a lr(Midy noticed (arts. 407. 409.), \\z. to tlie retrograde revo- 
lution of her nodes; to the direct circulation of the axis of 
her ellipse; and to all tlie other deviations from the laws of 
elliptic motion at which we have furtlun* hinted. If tlie moon 
simply ixnolvcd aliout the earth under tlie inlluence of its 
gravity, none of these phenomena would take place. Its 
orbit Avoiild lie a perfect ellipse, returning into itself, and 
always lying in one and th(i same plane. That it is not so, is 
a proof that some cause disturbs it, and interferes with tli<> 
earth’s attraetkm ; and this cause iwS no other than tlie sun's 
at tract ion - or rather, that part of it whiiJi is not cqaallij 
exerted on the earth. 

(454.) Su[>|)ose two stones, side by side, or otherwise 
situated with respect to each other, to be let fall together ; 
then, as gravity ai'celerates them equally, tiiey will retain 
their relative jicsitions, and fall together as if they formed 
one mass. l>ut supjiose gravity to be rather more intensely 
exerted on one tlian ilie other; then would that one be rather 
more accelerated in its fall, and would gradually leave the 
other ; and thus a relative motion between them would arise 
from the diffcrcuec of action, however slight. 
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(455.) The sun is about 400 times more remote than the 
moon; and, In consequence, Avhile the moon describes her 
monthly orbit round the earth, her distance from tlie sun is 
alternately part greater and as much less than the 

earth's. Small as this is, it is yet suflicient to produce a per- 
ceptible excess of attractive tendency of the moon towards 



the sun, above that of the earth wlicn in the nearer point of 
her orbit, M, and a corresponding defect on the opposite part, 
N ; and, in the intermediate positions, not only will a differ- 
> ence offerees subsist, but adifrerence of directions also ; since 
hoAVcver small the lunar . orbit M N, it is not a point, and, 
therefore, the lines drawn from the sun S to its several parts 
cannot be regarded as strictly parallel. If, as we have al- 
ready seen, the force of the sun were equally exerted, and in 
parallel directions on both, no disturbance of their relative 
sitiiations would take place ; but from the non-vcrification of 
these conditions arises a disturbing force, oblique to the line 
joining tlie moon and earth, Avhich in some situations acts to 
accelerute, in others to retard, her elliptic orbitual motion ; in 
some to draw the earth from the moon, in others tlie moon 
from the eartli. Again, the lunar orbit, though very nearly, 
is yet not quite coincident with tlie ])lane of the ecliptic ; and 
hence the action of the sun, which is very nearly parallel to 
the last-mentioned plane, tends to draw her soineAvhat out of 
the plane of her orbit, and does actually do so — producing 
the revolution of her nodes, and other phenomena less striking. 
We are not yet prepared to go into the subject of these per- 
turbations, as they are called ; but they are introduccid to the 
reader’s notice as early as possible, for the purpose of re- 
assuring his mind, should doubts have arisen as to the logical 
correctness of our argument, in consequence of our temporary 
neglect of them while working our way upward to the law 
of gravity from a general consideration of the moon’s orbit. 
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CHAPTER IX. 

OF THE SOLAK SYSTEM. 

apparent motions of the planets. — TIIEIK STATIONS AND RE- 

TllOGRADATIONS. THE SUN THEIR NATURAL CENTER OF MOTION. 

INFERIOR PLANETS, — THEIR PHASES, PERIODS, ETC. —DIMEN- 
SIONS AND FORM OF TH EIR OlililTS. TRANSI IS ACROSS THE SUN. 

— SUPERIOR PI.ANET8. - THEIR DJSTiLNCES, PERIODS, ETC. KKP- 

LER's laws and THEIR INTERPRETATION. KT.LIPTJC ELEMKN'IS 

OE A planet’s orbit. — ITS IIELIOCENTJHC AND GEOCENTRIC 

PLACE. EMPIRICAL LAW OF PLANETARY DISTANCES ; - VIOLATED 

IN THE CASE OF NEPTUNE. — THE ASTEROIDS. PHYSICAI. PE- 

CULIARITIES OBSERVABLE IN EACH OF THE PLANETS. 

(4o6.) The sun and moon are not the only celestial objects 
which appear to have a motion independent of that by which 
the great constellation of the heavens is daily carried round 
tile earth. Among the stars tlienj are several, — and those 
among the brightest and most conspicuous, — wdrich, when 
attentively watched from night to night, are found to 
change their relative situations among the rest ; some ivipidly, 
othejrs much more slowly. These are called planets. Four 
of them — Venus, Mars, Jupiter, and Saturn — are remark- 
ably large and brilliant ; another, Mercury, also visible to 
the naked eye as a large star, but, for a reason which will 
presently appear, is seldom conspicuous: a sixth, Uranus, is 
barely so discernible, while the rest of whicli about fifty are 
already known, and probably many more remain to he dis- 
covered, are visible only through telescopes*, and vvith one 
exception (that of Neptune) can only be known among the 
multitude of minute stars those instruments reveal to us by 
watching them from night to night and attending to their 

* One only, Vesta, is said to have been once seen by Scliriiter with the 
naked eye. 
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clianges of place. All tliose have lK‘cn discovxTed since the 
conimenceinent of the current centurj’, and forty-five of them 
since 1844. A list of their nanu's, discoverers, and the dates 
of their respective discovery will he found in tlie Ap])endix. 
All of them but ptune belong to a peculiar and very re- 
uiarkahle vhi>s or family of planets to whicli the name of 
Asteroids has been assigned. 

(457.) Tlie apparent motions of the planets are mucli more 
irregular tliau those of the suii or moon. General iy speaking, 
and com[)aring their places at distant times, tliey all advance, 
tliough with very dilferont average or mean velocities, in the 
same direction as those luminaries, L e, in opposition to the 
’ aiiparent diurnal motion, or from west to east : all of tln in 
make the entire tour of the heavens, though under very dif- 
ferent cireuiustances : and all of them, with the t xeejition of 
certain among the telescopic planets, are eon fined in their 
visilde paths within very narniw limits on either sl<le tin? 
ecliptic, and j>erfonn their movements within that zone of 
the lieavons we have called, above, the Zodiac (art. 303.). 

(458.) The obvious conclusion from this is, th;it whatever 
be, otlicrwise, the nature and law of tlieir motions, they are 
[)erformed ncarhj in the plane of the ecliptic — tliat {)lane, namely, 
ill which our own motion about the sun is jierfbrmcd,. Ilcncc 
it follows, that we see their evolutions, not in j)lan^ I ait in sec- 
tion ; tlieir real aiigular movements and linear distances being 
all foreshorteued and confounded iindistinguishably, while 
only their deviations irom the ecliptic ajipear of their natural 
magnitude, undiminislied by the effect of perspective. 

(459.) The apparent motions of the sun and moon, thougli 
not uniform, do not deviate very greatly from uniformity ; a 
moderate acceleration and retardation, accountable for by the 
olliptlcity of their orliits, being all that is remarked But 
tlie case is widely dilfcrcnt with the jilanets : sometimes they 
advance rapidly ; then relax in their apparent speed — come 
to a momentary stop ; and then actually reverse their motion, 
and run back upon tlieir foinu r course, with a rapidity at 
first inci'casing, then diminishing, till the reversed or retro- 
grade motion (a ases altogether. Another stationyOY moment 
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of apparent I’cst or indecision, now takes place; after which 
the movement is again reversed, and rcsumcwS its original dl 
rect character. On the whole, however, the amount of direct 
motion more than compensates the retrograde ; and by tlie cx- 
eess of the former over the latter^ tlie gradual advance of the 
planet from west to east is maintained , Thus, siipjiosing 
the Zodiac to be unfolded into a plane surface, (or repre- 
sented as in Mercator’s projection, art. 283. taking the ecliptic 
Fj G for its ground line, ) the track of a [)Ianet when 
mapped down by observation from day to day, will olier the 



ajipetiraiice PQllS, &c. ; the motion from P to Q being 
direct, at stationary, from Q to R retrograde, at it ;igain 
stationary, from R to ^S direct, and so on . 

(4(50.) In tlie midst of the irregularity and fluctuation of 
thivS motion, one remarkable feature of uniformity is obser\'ed. 
Whenever the planet crosses the ecli[)tic, as at i\ in the 
figure, it is said (like the moon) to bo in its node ; and as 
the earth necessarily lies in the plane of the ecliptic, the 
planet cannot be apparenth/ or trrmivijrajfhicaJlp situated in 
the celestial circle so called, witliout being rcaUij and lovalhj 
situated in that plane, l^he visible passage of a planet 
through its node, tlien, is a phcnomcnou indicative of‘ a cif' 
ciimstance In its real motion quite independent of the station 
from which we view it. Now, it is easy to aseertaln, by 
observation, wlien a planet passes from the nortli to the sontli 
side of the ecliptic : wc have only to convert its right ascen- 
sions and declinations into longitudes and latitudes, and the 
iJiangc from nortli to south latitude on two successive days 
will ad\'ertisc us on what day the transition took place ; 
while a siinjile proportion, grounded on the observed state of 
its motion in latitude in the interval, avIII suffice to fix the 
precise hour and minute of its arrival on tlie ecliptic. Noav, 
this being done for several transitions from side to side of the 
eeliptic, and their dates thereby fix<y1, w(* find, univfa’sally. 
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tlmt the interval of time elapsing between the successive 
passages of each planet through the same node (whether it be 
the ascending or the descending) is always alike^ whether the 
planet at the moment of such passage be direct or retrograde, 
swift or slow, in its apparent movement. 

(461.) Here, then, we have a circumstance which, while 
it shows that the motions of the planets arc in fact subject to 
.“ertain laws and fixed periods, may lead us very naturally to 
suspect that the apparent irregularities and complexities of 
their movements may be owing to our not seeing them fi‘om 
tlieir natural center (art. 338. 371.), and from our mixing up 
wdtli their own proper motions movements of a parallactic kind, 
Vine to our own change of place, in virtue of the orbital 
motion of the earth about the sun. 

(462.) If we abandon the earth as a center of the }>lanetary 
motions, it cannot admit of a moment s hesitation wIku'c we 
should place that center with the greatest probability of truth. 
It must surely be the sun which is entitled to the first trial, 
as a station to which to refer to them. If it be not connected 
with them by any jdiysical relation, it at least possesses the 
advantage, which tlie earth does not, of comparati^ e immo- 
bility. But after what has been shown in art. 449., of the 
immense mass of that luminary, and of the office it performs 
to us as a quiescent center of our orbitual motion, nothing 
can be more natural than to suppose it may perform the same 
to other globes which, like the earth, may be revolving round 
it; and thc.se globes may be visible to us by its light T*eflected 
from them, as the moon is. Now there many facts which 
give a strong support to the idea that the })lanets are In tliis 
[)redieament. 

(463.) In the first place, the planets really are great 
globes, of a size commensurate with the earth, and several 
»f them much greater. When examined through powerful 
telescopes, they arc seen to be round bodies, of sensible and 
even of considerable apparent diameter, and offering distinct 
and characterivitic peculiarities, which show them to be ma- 
terial masses, each possessing its indivlilual structure and 
mechanism ; and that^ *n one instance at least, an exceedingly 
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artificial and complex one. (kScc the representations of Mars, 
Jupiter, and Saturn, initiate 111.) That their distances from 
us are great, mucli greater than that of tlie moon, and some 
of them even greater than that of the sun, we inhu', Ist, 
from their being occulted by the moon, and 2dly, from tlie 
sinallncss of their diurnal parallax, which, even for the 
nearest of them, when most favourably situated, does not 
exceed a few seconds, and for the remote ones is almost 
inipercciptihle. h'roin the comparison of the diurnal paralJax 
of a celestial body, with its ap])arcnt semidiainetcr, w c can at 
oiiee estimate its real size. For the pandlax is, in fact, 
nothing else than tlie a])parent siimidiameter of tlie earth as 
seoii from the body in question (art. 339. et seq.); and, the 
Intervening distance being the same, the real diameters must 
l>e to ea(!li other in the projiortion of the Jipjiarcnt ones. 
W^itliont going into particulars, it will sunice to state it as a 
general rcvsult of that comparison, that the jilanets arc all of 
them incomparably smaller than the sun, lait some of tlieni 
as large as the earth, and others miKh greater. 

(464.) The next fact respecting them is, that their dis- 
tances from us, as estimated from the measureniont of theii’ 
angular diameters, are in a continual state of eliange, period- 
ieally increasing and dccTcasing within certain limits, but by 
no moans corresponding with the supposition of regular 
circular or elliptic orbits described by them about the eartJi 
IIS a center or fomis, but maintaining a constant and obvious 
relation to their apparent angular distances or dovijatiovs 
Irorri the sun. For example ; the apparent diaim ter of Mars 
is greatest when in opposition (as it is cal led) to tlie snn, L v, 
nhea in the ojipositc part ol* tlic ecliptic, or Avhen it conies on 
the meridian at midnight, — being then about FS'', — but 
diinini8lios rapidly from that amount to about 4^', wlilch is its 
apparent diameter when In conjunction.^ or when seen in 
nearly the same direction as that luminary, dliis, and facts 
<4 a similar character, observed witli respect to the apparent 
diameters of the other pdanets, clearly point out the sun as 
having more than an accidental relation to their movements- 

(4oo.) Lastly, certain of the planets, (Mercury. VTmus, 

X 
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and Mars,) wlien viewed throiigli telescopes,^ exhibit the 
appearance of piiascs like those of the moon. This prove-: 
tliat they are ppaxpic bodies, sliining only by reflected light, 
which can l>c no other than that of the sun’s; not only because 
lliere is no other source of light external to them sufficiently 
{)owei‘ful, l)ut because the appearance and succession of tlic 
phases themselves are (like their visible diameters) intimately 
connected with their elongations from the sun, as will pre- 
sently be shown. 

(4(>G<.) Accordingly it is found, that, when wc refer tlie 
planetary movements to the sun as a center, all that ap[)jvreiit 
irregularity which they offer when viewed from the earili 
disappears at once, and resolves itself* into one simple uicj 
genei'al law, of whicli the earth’s motion, as explaijjied in a 
fornier chapter, is only a particular case. In order to sliow 
how tliis happens, let us take tlie ease of a single j)]an(‘t, 
which we will suppose to revolve round the sun, in a jilane 
nearly, but not quite, coincident wiih the ecliptic^ but 
passing tlirough the sun, and of course intersecting the eclip- 
tic in a fixed line, which is the line of the p)lanet’s nodes. 
This line must of course divide its orbit into two segments; 
and it is evident that, so long as the circu instances of tlie 
planet’s motion remain otherwise unchanged, the times of 
descriliing these segments must remain tlie same. The in- 
terval, tlicn, between the planet’s quitting either node, aiul 
returning to the same node again, must be that in which it 
describes one complete revolution round the sun, or its 
periodic time ; and thus we are furnished with a direct mctlioG 
of ascertaining the periodic time of ca(jh planet. 

(467.) We have said (art. 457.) that tlie planets make the 
entire tour of the heavens under very different circumstances. 
This must be ex])Iained, Two of them — jMcrcury and Venus 
— perform this eircult evidently as attendants upon the sun, 
from whose vicinity they never depart beyond a certain limit. 
They are seen sometimes to the east, sometimes to the west 
of it. In the former case they appear conspicuous over the 
western horizon, just after sunset, and are called evening 
stars: Venus, especially, appe.ars occasionally in this situation 
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ivith a dazzling lustre ; and in iavoumble oircunistauces may 
be observed to cast a pi’etty strong sbadow.'*^ Wlieii tlnvy 
happen to be to the Avest of the sun, they Tise before tliat 
livnunary in tlic morning, and appear over the eastern hoi-izon 
as morning stars: tluy do not, however, attain the same 
elovqdt'fon from the sun. Mercury never attains a greater 
angular distance from it than about 29^, while Venus extends 
her exiuirsions on eith(;r side to about 47^. WIk'h they have 
r(rceded from the sun, ensUcard^ to their respe(*ti\ e distances, 
they remain for a time, as it were, immovable with respect 
to it^ and are carried along with it in the ecliptic with a 
motion efjual to its OAvn ; but prestvntly they begin to approach 
it, or, Avhich cinnes to the same, their motion in longitude 
diminislies, and the vsnn gains upon them. As tins approacli 
goes on, their contimianee above the liorizon after sunset 
hecomes daily sliorter, till at length they set before the 
darkness has become sufficient to allow' of their being seen. 
For a time, then, they are not seen at all, ludess on very 
rare oceavsions, when they arc to be ol)served across 
the sun\^ disc as small., rotmdy wcll-de/hied black spots, totally 
different in ajipearanee from the solar spots (art. o8(). ). d'liesi^ 
phenomena are cmphaticaJly callcMl transits of the .i*espoctive 
|)lanets across the sun, and take ])lacc wlien the earth 
lm|>[)ens to be passing the line of their nodes while they are 
ill that part of tlieir orbits, just as in the acconnt we have 
given (art. 412.) of a solar eclipse. After liaviug tli us 
ccuitiuued invisible for a time, liowever, tlicy licgin to ajipmir 
on the other side of the sun, at first showing tin iiiselN es only 
for a fbw minutes before sunrise, and gradually longer and 
longer as they recede from liirn. At tliis time their juotion 
in longitude is rapidly retrograde, llefere tluiy attain tlieir 
grea test elongation, liowever, they become statioinny in I be 
lieavciis ; but their recess from the sun is still maiiitainrd by 
the advance of that luminary along the (M*lij)tie, whi<4i 
continues to leave tliem behind, until, liaviug reversed tlieir 

It must be thrown ui>ori n white groinid. An ojumi window in a white 
washed room is the best exposure. In tins situation 1 have observed not only 
tl)e sltadow, l)ut tlu' dlO'iaeted od/.»iu;4 its outline. — Jf. Note to ih< 

edition /|/‘J.SSrh Venus* may often he -cen with tlie naked eye in the, daytime. 
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motion, and become agauj direct, they jic(j nire sufficient speed 
to eoinnience overtaking him — atf which moment they have 
their greatest western elongation; and thus is a, kind of oscih 
lutory niovcmeiit kept up, while the general advance along 
tlie eeH[)tic goes ojk 

(468.) Suppose PQ to he the ecliptic, and A B C D the 
orbit of one of these planets, (for instance. Mercury,) seen 
almost edgewise by an eye situated \’cry ncaivly in its plane; 
S, the sun, its centre; and A, B, C,D successive positions of 
the planet, of which B and D are in the nodes. tlien, the 



sun S stood apparently still in the eeliptic, the ]L>lanets woid<l 
simply appear to oscillate backAvards and foi’wards from A to 
Ch alternately passing before and behind the sun ; and, if the 
eye ha[)pened to lie exactly in the plane of the orbit, transit- 
inf/ Ills disc, in tlie fbi'jner ca.se, and being eovenal by it in tlio 
latter. But as the suu is not so vStationary, but apparently 
carried along the ecliptic P Q, let It be supposed to move 
over the spaces S'f, TU, U V, while the planet in each case 
executes one quarter of its period. Tlien will its orliit be 
a|)pareutly carried along with the sun, into the successive 
positions represented in the figure; and whde its real motion 
round the sun brings it into the respective points, B, C,l), A, 
its ap|>arent movement in the heavens will seem to have lieeu 
along the wavy or zigzag line A N I I K. In tliis, its motion 
in longitude will have been direct in the parts A N, N II, and 
retrograde in the jiarts 11 n K ; while at the turns of the zig- 
zag, as at II, it will liave been stationary. 

(469.) The only two planets — Mercury and Venus — 
whose evolutions are such as above described, are called 
inferior planets ; their points of farthest recess from the suu 
are called (as abo^ e) tlieir greatest eastern and western elon- 
gations ; and their points of nearest apjiroach to it, their 
mferior and superior conjunctions, — the former wh(;n the 
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planet passes between tlic eai’tli aiul the sun, the latter when 
behind the sun. 

(470.) In art. 4G7. we have traced the apparent patlx of an 
inferior [xlanet, by considering its oi*bit in section, or as 
viewed from a point in the plane of tlie ecliptic.* Let ns 
now contemplate it in plan, or as viewed fixjui a station al)o\'e 
tliat plane, and projected on it. Suppose then, S to represent 
ihe sun, a b c d the orbit of Mercury, and A B C D a part of 
t hat of the earth — the direction of tlic circulation being the 
same In b<^th, viz. that of the an*o\y. 

When the planet stands at o, let the 
(‘arth be situated at A, in the direction 
of a tangemt, a A, to its orbit ; then 
it is evident that it will a|)|)ear at its 
a neatest tlougation iVom tlic sun, — the 
angle a A S, wliich measures their ap- 
parent interval as seen from A, being 
then greater than in any other situation of a upon its own 
eirele. 

(471.) Now, this angle being known by observation, we 
are hereby funiislied with a ready means of aseerlaining, at 
least appj-oxlmately, the distance of tlic jxlanet irom tlie sun, 
or tlie radius of its orbit, v^^upposed a eirc‘le. For the triangle 
S A a is right-angled at a, and consequently we liave S a : 

S \ : ; sin. S A u : radius, by which proportiou the radii 8 
S \ of* the two orbits are directly (‘(>mpar(‘d. If tlie oi bits 
\ve)*c both exact circles, tliis would of course be a [)erl’ectly 
rigorous mode of proceeding: but (as is |)roved by tlie inequality 
ot'the resulting values of 8 a olitained at different times) this 
IS not tlie case ; and it becomes necessary to admit an eccen- 
tricity of position, and a deviation from the exact circular 
form in both orbits, to account 1‘or this difference. Neglecting, 
liowcvei’, at j)resent this Jiieapiality, a mean or average value 

8 a may, at least, be obtained from the frc<]uent re|)etition 
ot tliis process in all varieties of situation of tlu' two bodies. 
Iho ealculations being performed, it is concluded that the 
UK^an distance of Alercury from the sun is about; 3t>()0()0(J0 
tniles ; and that of Venus, similarly deriv(‘d, about GrSOOOOOO ; 
die radius of tin: cai’lh s oi*l>it l»cine' lOOOO, 
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(472.) The r^klereal periods of the ])liiuets iiuiy be obtained 
(RvS before observed ), with a considerable approtich to accuracy, 
by ol)serviiig their passages throiigli tbe nodes of tlieir orblfs; 
and indeed, wlien a certaiii Very niirnite motion of tlioso nodx s 
and the apsides of their orbits (similar to tliat of tlic moon's 
nodes and apsides, but incoinjiarably slower) is allow ed for, 
with a precision only limited by the imperfection of the ap- 
propriate observations. By such observation, so corrected, it 
ajipears that the sidereal period of Mer(‘ury is 87"^ 23*' 15'" 
43*9'*; and that of Venus, 22T^ 1(1*' 49“' 8*0\ These j)criods, 
however, are widely diiferent from the intervals at which tlie 
successive aiipcarances of the t\vo planets at their eastern and 
western elongations from the sun are observed to happen, 
?Jer(*.ury is scon at Its greatest splendour as an evening star, 
at average intervals of about 116, and Venus at intervals of 
about 584 days. 1’he difference between the sidereal a,! id sijn(H 
dical rcvolutioTis (art, 4 18.) accounts for tills. ItcieiTing again 
to the figure of art. 470., if the eartli stood still at A, Nvliile 
the planet aflvaiiced in its orbit, the lapse ol' a sidci-eal period, 
w'hicli should liring it run ml again to would also produce a 
similar elongation from the sun. But, meaiiw liiie, the eartli 
has advanced in its orlilt in the same direction towards E, and 
therefore the next greatest elongation on tlie same side of the 
sim will haiipen — not in the position a A of the two bodies, 
but in some more advanced position, c E. The determination 
of this jiosltion depends on a calculation exactly similar to 
what has been explained in tlie article referred to ; and 
w*e need, tlicrefore, only here state the resulting synodical 
revolutions of the two planets, which come out resjicctivcly 
115•877^ and 583*92(ri. 

(473.) ]n this interval, the jilanet will have described a 
wliolc revolution plus the arc a c c, and the eartli only the arc 
A C E of its orbit. During its lapse, the iujhdor coujiaudum 
will happen Avhen the earth has a certain intermediate situa- 
tion, B, and the planet has reached 5, a point between the 
sun and earth. The greatest elongation on the opjiosite side 
of the sun Avill happen when the eartli ha.s come to C, and 
the planet to c where the line of junction C c Is a tangent 
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10 tlie interior circle on the opposite side fi’otu M. Lastly, 
the superior conjunction will hapj>en wlien the earth arrh es 
at Ih and the planet at d in the same line ])rolonged on the 
other side of tlie sun. The intervals at wliich these phieno- 
niena happen may easily be computed from a knowledge of 
the synodical periods and the radii of tlie orbits. ^ 

(474.) The circumferences of circles are in the proportion 
of their radii. If^ then, we calculate the circumferences of 
the orbits of Mercury and Venus, and the earth, and com- 
j)arc tliem with the times in which their revolutions are 
performed, we shall find that the actual velocities with hicli 
they move In their orbits differ greatly ; that of jMcrcury 
being about 109360 miles per hour, of Venus 80000, and of 
tlie eiirth 68040. From this it follows, that at tlie inferior 
conjunction, or at />, either f)lanet is moving in the soote direc- 
tion as the earth, but with a greater velocity ; it will, therc- 
h)re, leave the earth behind it ; and tlie a})j)arent motion of 
the j)hinct viewed from the (?arth, will be as if the pljinet 
stood still, and the earth moved in a contrary direction from 
wliat it really does. In tins situation, then, the a])])arent 
motion of the jdanet must be conti*ary to the ajjpanmt 
motion of the sun; and, therefore, retrograde. On the oilier 
hand, iit the superior conjunction, the real motion of the 
planet heliig in the 0])[)0site direction to tliat of tlie earth, llic 
I’clatlve motion will ))C the same as if the jilanet stood still, 
and the earth advanced Avitli their united velocities in its own 
j)r()[)er direction.^ In this situation, tluai, 1 lu' ajiparont motion 
will he direct. Both these result.s are In accordance with 
ol)ser\’ed fact. 

(475.) The stationary points may he deternuiied by tlie 
l*ol lowing consideration. At a or c, the points of greatest 
elongation, the motion of the jilanct is directly to or from 
the earth, or their lino of junction, while that of the 

earth is nearly pei^iendieular to it. Here, then, the apjiarerit 
Uiotlon must be dir(H*b At h, the inferior conjunction, we 
lia,\ 0 seen lliat it must be retiugrade, OAving to the planet’s 
motion (which is there, as Avell as the eai-tlfs, perpendicular 
to the line of junction) surpassing the eartliV. lienee, the 
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stationary points ought to lie, as it is found by obseivatiiju 
tliey do, between a and or c and viz. in such a position 
that tlie obliquity of the planet's motion witli respect to the 
line of junction shall just compensate for the excess of its 
velocity, and cause an equal advance of* each extremity of 
that line, by the motion of the planet at one end, and of the 
earth at the other: so that, for an instant of time, tlie whole 
line shall move jiaraliel to itself. The question thus proposed 
is purely geometrical, and its solution on the supposition of 
circular orbits is c^isy. I^et E e and P p represent small 



arcs of the orbits of the earth and jilnnet described <V)iiteiiii“ 
poraneously, at the moment when tlie latter appears stationarv, 
about S, the sun. Produce p P and e E, tangents at P 
and E, to meet at K, and prolong E P liackwards to Q, joiu 
e />. Then since E, p e are parallel we have by similar 
triangles P p : E : : P R : li E, and since, putt Ing v and V 
f r the respective velocities of the planet and the earth, 
P jt? : E : V ; therefore 

v:Y::Fll: RB :: sin. PER: sin. E P R 
::cos. SE P : cos* SPQ 
:: cos. SEP cos. (S E P 4- E S P) 

because the angles S E R and S P R are right angles. More- 
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over, if r and 11 be the radii of tlie respective orbits, we liavo 
also 

r : R :: sin. S E P : sin. (S E P + E S P) 

* 

froni which two relations it is easy to deduce the values of 
the two angles S E P and E S P ; the fonucr of wliich is tlic 
apparent elongation of tlie planet from the sun% the latter 
the difference of heliocentric longitudes of the eiu:tli and 
planet. 

(476.) When we regard the orbits as other tlian circles 
(which they rcailly are), the problem becomes vsoinewhat coni- 
plex — too much so to l)e liei-e entered \ipou. It will siiihce 
to state the results which experience verifies, and which 
assigns the stationary points of Mercury at from 15° to 20° 
of elongation from the sun, according to circiiinstanccs ; and 
of Venus, at an elongation never varying much from 2S)°, 
The former continues to retrograde dimiig about 22 days ; 
the latter, about 42. 

(477.) We have said that some of the planets exhibit phases 
like the moon. This is the case with both Mercury and 
Venus ; and is readily explained by a consideration of their 
orbits, such as we have above supposed them. In fact, it 
requires little more than mere inspection of the figure annexed, 
to show, that to a spe(‘tator 
situated on the earth E, an 
inferior planet, illuminated 
by the sun, and therefore 
bright on the side next to 
him, and dark on thatturn- 
imI from him, will a[)[>ear 
/?/// at the suj)erior con- 
junction A; gibbous (i,e, more than half full, like the moon 
between the first and second quarter) between tliat point and 
the points B C of its greatest elongation; lialf-mooiied at 
these points ; and crescent- shaped, or horned, between these 

K V 

• If — = m and — =m, SEPs»<^, the e(]uations to he resolved rtre 

sin ( (p-t sin, «/>, and co$. + cos, 4/,^vhich give cos. ^ ^ 
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and the inferior conjunction D. . As it approaches this point, 
the crescent ought to thin off* till it vanishes altogether, ren- 
dering the planet invisible, unless hi those cases where it 
transits the sun’s disc, and appears on it as a black spot. All 
these phenowiena are exactly conformable to observation. 

(^478.) Tlie variation in brightness of Venus in different 
parts of its a|)parent orbit is very remarkable. Tliis arises 
from two causes; 1st, the varying proportion of its visil)le 
illuininatcd area to its whole disc ; and, 2dly, the varying 
angular diameter, or whole apparent magnitude of the disc 
itself. As it ap[)r()aclie3 its inferior conjunction from its 
gri^atcr elongation, the half-moon becomes a crescent, which 
* thins off; but this is more than compensated, for some time, 
by the increasiug apparent maguitnde, in consetpience of its 
diminishing distance. Thus the total light received from it 
go(^s on increasing, till at length it attains a inaximiim, which 
takes ])lacc wdicu the planet's elongation is about 40''. 

(470.) 44ic transits of Venus are of very rare oecinTence. 
talving place alternately :it the very unequal but regularly 
recurring intervals of 8, 122, 8, 105, 8, 122, &c., years in 
siK?(iession, and always in J nne or Deoembt^r. As astronomical 
phicnomona, they arc extremely inqiortant ; since they afford 
the ])est and most exact means we |)osscss of ascertaining the 
sun’s distance, or its jiaraJlax. Without going into tlie niceties 
of calcnJation of this problem, which, owing to the great mul- 
titude of (‘ircumstaiices to be attended to, arc extremely 
intricate, we shall here explain its ])rinciple, svhich, in the 
abstract, is very simple and olivious. Let K be tlie earth, 
V Venus, and S the sun, and Cl) tke jiortion of Venns’s 
relative orbit wlikdi she describes while in the act of transiting 
the >sun’s disc. Suppose A B two s])cctators at oppiositc ex- 
tremities of that diameter of the earth which is perpendicular 
to tlie celi|)tic, and, to avoid complicating the case, let ns lay 
out of consideration the earth's rotation, and suppose A, B, to 
retain that situation during tlie whole time of tlie transit. 
Then, at any moment when tlie spectator at A sees the center 
of Venus projected at a on the sun’s disc, he at B will sec it 
projexjted at/y. If then one or other spectator could suddenly 
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transport liiinseH' from A to B, he would see Venus suddenly 
displaced on the disc from a to b ; and if he had any means of 
noting accurately the jdace of tlie points on tlie disc^ eitlun' 
by micrometrical measures from its edge, or by otber nieans, 
be might ascertain the^ angular measure of a b as seen irom 
tlie earth. Now, since A V B V b^ are straight lines, and 



therefore make equal angles on each side V, a h will be to A 
B as the distance of Venus from the sun is to its distance from 
tlie earth, or as 08 to 27, or nearly as 2 l to 1 ; a h therefore 
occrqiies on tlie suifs disc a space 2t times as gront as the 
earth’s diameter; and its angular measure is tlierefore eqicil 
to about 2\ times the eartliV ajiparcnt (llameter at the distance 
of the sun, or (which is the same thing) to five times the sun*s 
horizontal [larallax (art. 298.). Any eiTor, tlierefore, wliieh 
may be committed in measuring a />, will entail only onajiftk 
of that error on the horizontal [larallax concluded from it. 

(480.) Tlie thing to be ascertained, therefore, is, in fact, 
neither more nor less than the breadth of the zone P Q R S, 
pf/rs, iiiclnded between the extreme apparent jiatlis of tJie 
center of Venus across the sun’s disc, from Its entry on one 
side to its quitting it on llm othei\ The whole business of 
the observers at A, B, therefore, resolves itself into this; — to 
ascertain, witli all possible care and precision, each at his own 
station, this jiath, — where it enters, wliere it quits, and whatu*^ 
segment of the sun’s disc it cuts off Now, one of tlie most 
exact ways in which (conjoined with careful mierometric 
measures) this can he done, is by noting the fitne oc(*u[)ied in 
the whole transit: for the relative angular niotion of Venus 
being, in fact, very precisely known from the tabhxs of licr 
motion, and the ajiparent path being very nearly a straight 
line, these times give us a measure {on a venj nflarf/cd scab) 
of the lengths of tlie chords of the segments cut off; and the 
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Buivs dinineter being known also with great jn’ccisioiij tlieir 
vcracd sines, and thereiV)re their difrcrence, or the breadth ot 
the zone required, beeuines known. 'To obtain these tinies 
eoiTcctly, eaeh ol)sVr\ er must ascertain the instants of ingress 
and egress tlu^ m/trF, d\) do tiiis,, he innst note, Ist, the 
instant wliim the first ^ isible impression or noleli on tl)e (‘dgt^ 
of tlie disc at P is [)rodu(‘ed, or the external arntai t : 

2dly, when tlie [)laiict is just wholly immersed, and tlie 
l)roken edge of the <lisc just closes again at Q, or tlie first 
intxrjud and, lastly, he must make tlie same ol>ser\a. 
tions at the egn^ss at 11, S. Tlie mean of the internal and 
external contax'ts, corrected for the (‘urynture of the sun’s 
* limb in tlie inter\:ils of the resj>e(!tivc jioints of contact, in- 
ternal and external, gives the entry and egress of the jdanetV, 
center. 

(18 1.) dlie modifications introdnecd Info this process by the 
earth’s rotation on its axiwS, and by other geographical stations 
of tile obseiaers thereon tliari here sn[)poscd, are similar in 
their ])i‘In(‘ij)Ies to those whicli enter into tlie ealcnlatlon of a 
solar eclij>se, or the ocenltatiou of a star by the moon, only 
more rc(ine<l. Any consideration of them, liowever, h(‘re, 
would lead ns too lar : bnt in the viesv we ha\'e taken of tlic 
snbj(!ct, it aifords an admii'able example of the 'svay in which 
minute elements in astronomy may become magnilied in their 
elfects, and, hy being made subject to measurement on a 
greatly enlarged scale, or by siibstitnting tlie measure of timi^ 
for sjia,ee, may be aseei’taliKNl with a degree of prcjcision 
adequate to every ])uvposc, by only watching favourabie 
opportiinititiS, and taking advantage of nicely adjusted com- 
binations of cinaimstance. So iin[)ortant lias this observation 
appeared to astronomers, that at the last transit of Venus, in 
17f)9, expeditions w(‘re fitted out, on tlic most efficient sc^ale, 
liy the British, Freii(*h, llusslan, and other go^ernnKnits, to 
the remotest corners of tlic globe, iVir the express pur[>ose of 
[K'rforming it. The celebrated expedition of Captain Cook 
to Otaheite wnis one of tlieni. The geiunal result of all the 
observations made on this most, mcmoi-able occasion mves 
S '577G for the sun’s liorizontal parallax. Tlie two next 
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occiirrenct‘s of tliis ]>lia*Moiiiorion will ha])pcii on Doc. 8. 187‘;, 
and Doc. 6. 1882. [See Koto (F) § (357 ht)\'\ 

(482. ) 44ic orbit of‘ Mcixairy is ^ cry elliptical, the cjx- 
ociitncity being nearly one fourlh of tlie uioaii di.'^tanee. 
44ii.s a[)[)earrf from llie inequality of iIk; gi*ealebt elongations 
from tlie siin, as ol)served at dIiKn*ent times, and whieli vary 
between the limits Ki" 12' and 28' 48'^ and, from exact 
.measures of such elongations, it is not ditlieult to show 
that the orbit of Venus also is slightly excentrie, and tliat 
both thcvse |)lanets, in fict, descrilie eHi[)ses, liaving the 
sun in their commoin iociis. 

(483.) Transits of Mercnry over the sun's disc! oecasionallv 
occur, as in the case of Venus, i>ut mon^ 1*rc(juentiv; tliose^ 
at the ascendiug node in Noveml>er, at the. desca-nding in 
May. The iiiter\als (considering eadi nod(‘ sej)aratcly) are 
ffsuallf/ either 13 or 7 years, and in the order 13, 13, 13, 7, 

; blit owing l,o the considcaaldo inclination of llte orlfit 
of Merc.ury to the ecliptic, tliis cannot be taken as an 
exact expression of the said i’e«'nrren(‘e, and it jXMjuii'cs a 
period of at least 217 years to bring round the transits iji 
regular order. One will occur in the pi'csent y(‘ar ( 1 848), 
tlic next in 18()1. d'hey are of mneh less astronomical 
importance tlian that of Venus, on account ol' ilie proximity of 
Mercury to tlic sun, wliieli alfords a mneh l(‘ss favourable 
combiniition for the determination of the smfs jiarallax. 

(484.) Let us now consider the su[)ei-ior |>lMnets, or tlioso 
whose orbits' enclose on .'ill sides tliat of ihii earth. I’liat 
they do so is proved by several circumstanees : — 1st, 'l"hey 
are not, like the iiderior [ilanets, eonliiUMl to cei’taln limits 
of elongation from tlie sun, but .‘i|.)[)ear at all distanec's frowr^ 
it, even in tlic op[)OsIte (juartcr of the licavons, or, as it is 
called, in opposition ; whi(*li could not ha})[)en, did not the 
eai'tli at such times place itself lietween them and the sun : 
2dly, Tliey never appear liorned, like Venus or Meioury, 
nvrr eyen semilunar. Those, on the contrary, whi(‘h, from 
the mimitcness of their parallax, we conclude to be the most 
distant from us, viz. Jupiter, Saturn, Uraiuis, and Neptune, 
never apjiear otherwix? tlian round; a sufficient proofs of 
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itself, that wc see them always in a direction not very 
remote from that in which the sun’s rays illinninatc them; 
and tluvt, tlicrefore, w'C occujiy a station which is never very 
w idely remo\ ed from the centre of their orbits, or, in other 
words, tliat'tlic earth’s orbit is entirely enclosed within theirs, 
and of comparatively small diameter. One only of tliein, 
Mars, exhilnts any perceiitible phase, and in its deliciency 
from a circular outline, never surpasvses a moderately ifihhous 
appojirancc, — the enlightened portion of the disc being 
never IcSkS than seven-eighths of the whole. To understand 
this, w^e need only cast our eyes on the annexed figure, in 
which E is the earth, at its apparent greatest elongation 
from the sun S, as seen from Mars, M. In this position, 
tlie angle IS M E, included between tlie lines 
S M and E M, is at its maximum ; and there- 
fore, in this state of things, a spectator on the | s 
earth Is enabled to see a greater [lortion of ^ 7^^ 

the dmiv hemisphere of Mars than in any other ' V 

situation. The extent of the jihase, then, or / 

greatest obser\'al)le degree of gibbosity, affords / 

a measure — a sure, altliough a coarse and riidp / 

one — of the anole S M E, and therefore of the / 

proportion of the distance S M, of Mars, to i / 

S E, that of tliti eartli from the sun, by wdiicli / / \ 
it appears that the diameter of the orbit of 
Mars cannot lie less than 11 times tliat of tlic 
, . earth’s. The phases of Jupiter, Saturn, Uranus, and Nep- 
|| trine, being iniperc(^[)tible, it follows tliat their orbits must 
\\ include hot only that of the earth, but of Mars also. 

(48o.) All tlie superior planets arc retrograde in their 
< apparent motions when in opposition, and for some time 
■ before and after ; l>ut they differ greatly fi’om each other. 

; both in the extent of tlieii* ai-c of I'cti’ogi’adation, in the 
duration of their retrograde movement, and in Its rajvidity 
when swiftest. It is more extensive and rapid in the case 
of Mars than of Jupiter, of Jupiter tlian of‘ Saturn, of that 
planet than of Uranus, and of* Uranus again tlian .Neiitiuio. 
The angular velocity w ith wliich a jilanot apjicars to re- 
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trognide is easily ascertjiiiiccl by observing its apparent 
place in tlie heavens from day to day ; and from such 
observations, made about the time of opposition, it is easy 
to conclude the relative magnitudes of their orbits, as 
c()mi)ared with the earth’s, supposing their peiHodical times 
known. For, from these, their mean angular velocities are 
known also, being inversely as the times. Suppose, tlicn, 

E e to 1)0 a very small por- ^ 

tioir of the. earth’s orbit, .. 

^ i 

and M m a correspondmg 

portion of that of a superior planet, described on the day 
of opposition, about tlie sun S, on wliicli day the three 
l)odies lie in one straiglit liac S E M X. U’lien the angles' 
E S e and M S m are given. Xow, if e m be joiruid and 
prolonged to meet S jM coiitiiiucd In X, tbc angle e X E, 
wbicli is equal to the alternate angle X e is evidently 
the retrogradatioii of Mars on that day, and is, theretbre, 
also given. E e, therefore, and the angle E X r/, being given 
in the right-angled triangle E e X, the side 1^ X is easily 
(•aleulated, and thus S X becomes known. Consequently, 
in tlie triangle S m X, ive have given the side SX and tl)C 
tw o angles ni S X, and m X S, whence tlie other sides, S m, 
m X, arc easily determined. Now, S rn is no other than the. 
radius of the orbit of the superior ])laiict rc([uired, which in 
tins eakiulation is supposed circular, as well as that of tlu» 
earth ; a sup[)osition not exact, hut sufKcicutly so to afford a 
satisfactory^ approximation to the dimensions of its orbit, and 
which, if the process be often repeated, in every^ variety of 
situation at which the opi)OsltIoii can occur, will ultimately 
afford an a\ erage or mean value of Its diameter fully to 
depended upon. 

(486.) To np])ly this priuci[)le, however, to practice, it 
IS riecessaiy to know the periodic times of the several [ilaiiets. 
These may' be obtained directly, as has been already stated, 
by observing tlie intervals of tlioir jiassages through the 
ecliptic; but, owing to the very small inclination of the 
orbits of some of tbem to its plane, they cross it so obliquely 
that the precise moment of their arrival on it is not ascer- 
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tamable, iinlc?s by very nice observations* A better method 
consists in determining, from the observations of several 
succcssi^'c (lays, the exact moincnts of tlieir aiTiving ?*?/ oppo- 
sition with tlie sill), the criterion of wliicdi is a diflerence of 
longitudes between the sun and planet of exactly 180^ 
The interval between successive oppositions thus obtained 
is nearly one si/nodical period ; and would be exactly so, 
were the {)lanet’s orbit and that of the earth both circles, 
and unif'orinly described ; but as that is found not to bo the 
case (and the criterion is, the imqmxlHy of successive syno- 
dical revolutions so obscu'vcd), the average of a great 
miini)er, takmi in all varititics of situation in which the 
’ o[)positl()ns occur, will be freed from tlu^ elliptii; inequality, 
and may be taken as a wean synodical period. From this, 
by tlie considerations and by the process of calciilaiion, in- 
dicated (art. 418.) the sidereal periods are I’cadily obtained. 
41)0 accuracy of this determination will, of cours(3, be greatly 
iimreas(Hl by embracing a long interial between the ex- 
treme observations employed. In point of fact, that interval 
extends to nearly 2000 years in the cases of the planets 
known to the ancients, who have recorded thcfir obser\ ations 
of them in a manner sufficiently careful to be made use of. 
Their periods may, therefore, be regarded as ascertained 
witli tlie utmost exactnciss, Tlieir numei’i(.*al values will 
be found stated, as well as the mean distances, and all the 
other elements of tlie planetary orbits, in the synoptic table at 
the end of the volume, to which (to avoid fepetition) the 
reader is once f'or all referred. 

(487.) In casting our eyes down the list of the planetary 
distances, and comparing them with the periodic times, we can- 
not but be struck with a certain ooiTChpondence. The greater 
the distance, or the larger the orbit, evidently the longer the 
period. The order of the planets, beginning from the sun, is 
the vsame, whether we arrange them according to their dis- 
tances, or to the time tlu^y occupy in completing their revolu- 
timis; and is as follows; — Mercury, Venus, Earth, Mars, 
t:ie recently discovered family of Asteroids, Jupiter, Saturn. 
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llranujs, and Neptune. Nevertheless, when we come to 
examine the numbers expressing them, we find that the re- 
lation between the two' series is not that of simi>le pro- 
portional increase. The periods increase more than in pro- 
portion to the distances. Thus, tlie period of Mercury 
is about 88 days, and that of the Eartli 365 — being in 
proportion as 1 to 4T5, while their distances are in the 
less proportion of 1 to 2*56; and a similar remark holds 
good in every instance. Still, the ratio of increase of the 
times is not*so J'apid as that of the squares of the distances. 
The square of 2*56 is 6*5536, which is considerably greater 
than 4*15. An intermediate rate of increase, between the 
simple proportion of the distances and that of their squares 
is tlierefore clearly pointed out by the sequence of the 
numbers ; but it required no ordinary pejietratlon in tlie 
illustrious Kepler, backed by unconimon j)erseverance and 
iudustiy, at a period when the data themselves were in- 
volved in ol)scurity, and ^vlien the processes of trigonoinetry 
and of numerical calculation w'ere encumbered witli difliculties, 
of which the more recent invention of logarithmic tables 
lias ha[)j;)ily left us no conception, to jierceive and demonstrate 
the real law of their connection. 'Ihis connection is ex- 
pressed in the following protjosilion ; — “ The squares of 
tlie periodic times of any two planets are to each otluM*, in 
the same proportion as the cubes of their mean distances 
from the sun.” Takc^, for example, the Earth and Mars 
whose periods are in the proportion of 3652564 to 6869796, 
and whose distance from the sun is that of 100000 to 152369 ; 
and it will be found, by any one who will take the trouble 
to go through the calculation, that — 

(3652564)2 : (6869796)^ :: (100000 )3 : (152369>\ 

(488.) Of all the laws to which induction from pure 
observation has ever conducted man, this t/tird law (as it is 
called) of Kepler may justly be regarded as the most remark- 

* TIhj expression of this law of Kepler requires a slight modiHcation when 
We come to the extreme nicety of numerical calculation^ for tin.: greater planets 
due to the infinence of their masses. This correction is imperceptible for the 
Earth aiul Mars. 

Y 
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able, and tlie most pregnant with important consequences. 
A\n\en we cent eitipl ate the constituents of the planetary 
system from the point of view which this relation affords ns, 
it is no longer ’mere analogy which strikcvS us — no longer 
a general resemblance among them, as individuals independent 
of each other, and circulating about the sun, each according 
to its own peculiar nature, and connected with it by Its own 
peculiar tie. The resemblance Is now perceived to be a 
true family likeness; they are bound up in one chain — 
interwoven in one web of mutual relation and harmonious 
agreement — subjected to one pervading influence, which 
extends from the centre to the farthest limits of that great 
system, of which all of them, the earth included, must hence- 
forth be regarded as members. 

(489.) The laws of elliptic motion about the sun as a 
focus, and of the equable description of areas by lines 
joining the sun and planets, were originally e.stablished by 
Kepler, from a consideration of the observed motions of 
Mars ; and were by him extended, analogically, to all the 
other planets. However precarious such an extension might 
then have appeared, modern astronomy has completely verilied 
it as a matter of fact, by the general coincidence of its results 
with entire scries of observations of the apparent places of 
the planets. These are found to accord satisfactorily with 
the assumption of a particular ellipse for each planet, whose 
magnitude, degree of excentricity, and situation in space, 
are numerically avssigiied in the synoptic tabJe before referred 
to. It is true, that when observations are carried to a high 
degree of precision, and when each planet is traced through 
many successive revolutions, and its history carried back, by 
the aid of calculations founded on these data, for many 
centuries, we learn to regard the laws of Kepler as only 
first approximations to the much more complicated ones 
which actually prevail ; and that to bring remote observations 
into rijrorous and mathematical accordance with each other, 
and at the same time to retain the extremely convenient 
nomenclature and relations of the elliptic system, it 
becomes necessary to modify, to a certain extent, our verbal 
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exprej?sioi) of the laws, and to regard the numerical data or 
elliptic elements of the planetary orbit|^ as not absolutely 
permanent, but subjeci; to a series of extremely slow 
and almost imperceptible changes. These* changes may be 
neglected when we consider only a few revolutions; but 
going on from century to century, and continually accumu- 
lating, they 'at length produce material de 2 )artures in the 
orbits from their original state. Their explanation will form 
the subject of a subsequent chapter; but for the present we 
must lay them out of consideration, as of an order too 
minute to affect the general conclusions with which we are 
now concerned. By what means astronomers arc enabled to 
compare the results of the elliptic theory with observation, 
and thus satisfy themselves of its accordance with nature, 
will be explained presently. 

(490.) It will first, however, be proper to point out what 
particular theoretical conclusion is involved in eacdi of the 
three laws of Kcjder, considered as satisfactorily established, 
---what indi(*iition eacli of them, separately, affords of the 
mechanical forces prevalent in our system, and the mode in 
which its ])arts arc connected, — and how, when thus con- 
sidered, they constitute the basis on wliich the Newtonian 
explanatl<ui of the mechanism of the heavens is mainly 
supported. To begin with the first law, that of the equable 
description of areas. — Since the planets move in curvilinear 
paths, they must (if they be bodies obeying the laws of 
rlynamics) be tlcflected from their otherwise natural recti- 
linoar progress hij fot'ce. And from this law, taken as a 
matter of observed fact. It follows, that the direction of sucli 
force 3 every point of the orbit of each planet, always 
passes through the sun. No matter from what ultimate cause^ 
the power which is called gravitation originates, — be it a 
virtue lodged in the sun as its I’eceptacle, or be it pr<.*ssure 
from without, or the resultant of many pressures or 
solicitations of unknown fluids, magnetic or electric ethers, 
or impulses, — still, when finally brought under our con- 
templation, and summed up into a single resultant energy — 
its direction is, from everv point on all sides, towards the 
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snn\^ center. As an abstract dynaniical proposition, tlie 
reader will find it demonstrated by Newton, in the first, 
proposition of the Piincipia, with an elementary simplicity 
to which we really could add nothing but obscurity by 
amplificatipn, that any body, urged towards a certain central 
point by a force continually directed thereto, and thereby 
deflected into a curvilinear path, will describe about that 
center equal areas In equal times ; and vice versa., that such 
equable description of areas is itself the essential criterion of 
a continual direction of the acting force toward.s the center 
to whicli this (iharacter belongs. The first law of Kepler, 
then, gives us no information as to the nature or intensity of 
the force urging the planets to the sun ; the only conclusion 
it involves is, that it does so urge them. It is a property 
of orbital rotation under the influence of central forces 
generally^ and, as sucli, we daily see it exemplified in a 
thousand fiiniiliar instances. A simple experimental illirs- 
tratlon of it is to tie a bullet to a thin string, and, having 
whirled it round witli a moderate velocity in a vertical plane, 
to draw the end of the string tlwough a small ring, or allow 
it to coil itself round the finger, or round a cylindrical rod 
held very firmly in a liorizontal position, Tlio l)u]lct will 
then approach the center of motion In a spiral line ; and tlie 
increase of its angular velocity, and the rapid diminution of 
its periodic time when near the center, will express, moiu 
clearly than any words, the compensation by which its uni- 
form description of areas is maintained under a constantiy 
diminishing distance. If the motion be reversed, and the 
thread allowed to uncoil, beginning with a rapid impulse, 
the angular veloc'ity will diminish by the same degrees as it 
before increased. The increasing rapidity of a dancer’s 
pirouette^ as he draws in his limbs and straightens his whole 
person, so as to bring every part of his frame as near as 
possible to the axis of his motion, is another instance where 
the connection of the observed effect with the central force 
exerted, though equally real, is much less obvious. 

(491.) The second law of Kepler, or that which asserts 
that the planets describe ellipses about tbe sun OvS their focus, 
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involves, as a consequence, the Imo of solar gravitation (so be 
it allowed to call the fqrce, whatever it be, which urges them 
towards the sun) as exerted on each individual planet, apart 
from all connection with the rest. A straight line, dynamic- 
ally speaking, is the only path which can be p\irsucd by a 
body absolutely free, and under the action of no external force. 
All deflection into a curve is evidence of the exertion of a 
force ; and the greater the deflection in equal times, the 
more intense the force. Deflection from a straight line 
is only another word for curvature of path ; and as a circle 
is characterized by the uniformity of its curvatures in all its 
parts — so is every other curv^c (as an ellipse) characterized 
by the particular law which regulates tlic increase and 
diminution of its curvature as we advance along its circum- 
ference. The deflecting force, then, which continually bends 
a moving body into a curve, may be ascertained, provided 
its direction, in the first place, and, secondly, the law of cur- 
vature of the curve itself, be known. Both these enter as 
elements into the expression of the force. A body may 
describe, for instance, an ellipse, under a great variety of 
dispositions of the acting forces: it may glide along it, for 
example, as a bead upon a polished wire, bent into an elliptic 
form; in which case the acting force is always perjicndicular 
to the wire, and the velocity is unifomi. In this case the 
florae is directed to no fixed center, and there is no equable 
description of areas at all. Or it may describe it as we 
may vsee done, if we suspend a ball l)y a very long string, 
and, drawing it a little aside from the perpendicular, throw 
it round witli a gentle impulse. In this case the acting force 
is directed to the center of the ellipse, about which areas 
described equably, and to which a force proportional to the 
distance (the decomposed result of terrestrial gravity) per- 
petually urges it. * This is at once a very easy experiment, 
and a very instructive one, and we shall again refer to it. 
In the case before us, of an ellipse described by the action of 

♦ If the suspended body be a vessel full of fine sarub having a small hole a. 
its bottom, the elliptic trace of its orbit will be left in a sand .streak on a table 
placed below it. This neat illustration is due, to the best of my knowledge, to 
Mr Babbage. 
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a force directed to the focua^ the steps of the investigation 
of the law of force are these: 1st, The law of the areas 
determines the actual velocity of the revolving body at every 
point, or the space really run over by it in a given minute 
portion of tfine : 2dly, The law of curvature of the ellipse 
determines the linear amount of deflection from the tangent 
in the direction of the foe us ^ which corresponds to that spa(‘,e 
so run over; 3dly, and lastly, The laws of accelerated motion 
declare that the intensity of the acting force causing siicli 
deflection in its own direction^ is measured by or proportional 
to the amount of that deflection, and may therefore be ctd- 
^ ciliated in any particular position, or generally expressed by 
geometrical or algebraic symbols, as a law independent of 
particular positions, when that deflection is so cidculated or 
expressed. AV’^e have liere the spirit of the process by which 
T^ewton has resolved tins interesting problem. For its 
geometrical detail, we must refer to the 3d section of his 
Principia, We know of no artificial ituxle of imitating this 
species of elliptic motion ; though a rude approximation to it 
— enough, however, to give a conception of the alternate ap- 
proach and recess of the revolving body to and from the focus, 
and the \ariation of its velocity — ^^may be had by suspending 
a small steel bead to a fine and very long silk fibre, and 
setting it to revolve in a small orbit round the pole of a 
powerful cylindrical magnet, held upright, and vertically 
under the point of sus])ension. 

(492.) The third law of Kepler, which connects the dis- 
tances and periods of the planets by a general rule, bears 
with it, as its theoretical interpretation, this important cou- 
'■'Sequence, viz. that it is one and the same force, modified only 
by distance Irom the sun, which retains all the planets in 
their orbits about it. That the attraction of the sun (if such 
it be) is exerted upon all the bodies of our system indiffer- 
ently, without regard to the peculiar materials of which 
they may consist, in the exact proportion of their inertiie, or 
quantities of matter; that it is not, therefore, of the nature 
of the elective attractions of cliemistry or of magnetic action, 
which is powerless on other substances than iron and soma 
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one or two more, but is of a more universal charactui*, and 
extends equally to all the material constituents of our system, 
and (as we shall hereafter see abundant reason to admit) to 
those of other systems than our own. This law, important 
and general as it ivS, results, as the simplest of coroliaries, from 
the relations established by Newton in the section of the 
Principia referred to (Prop, xv.), from which proposition it 
results, tliat if the earth were taken from its actual orbit, and 
launched anew in space at the place, in the direction, and 
with the velocity^ of any of the other planets, it would de- 
scribe the very same orbit, find in tlie same period, whicli 
that planet actually does, a minute correction of the period 
only excepted, arising from the difference between the 
mass of the earth and that of the planet. Small as the 
]»hincts are compared to the sun, some oi‘ them are not, as 
the earth is, mere atoms in the comparison. Tlie stih‘t 
wording of Kepler’s law, as Newton has proved in his lifty- 
niutli proposition, is applicable only^ to the case of planets 
whose proportion to the central body is alisolutely inappre- 
tiable. When this is not the case, the periodic time is 
sliorteiicd in the proportion of the square root of the number 
expressing the sun’s mass or inertia, to that of the sum of 
the uumbci's expressing the imusses of the sun and planet ; 
and in general, wliatever be the masses of two bodies revolv- 
ing round each otlicr under the influence of the Newtonian law 
of gravity, the s<]uare of their periodic time will be expressed 
by a fraction whose numerator is the cube of their mean 
distfince, c. the greater semi-axis of their elliptic orbit, 
and whose denominator is the sum of their masses. AVhen 
one of the masses is incomparably greater tlian the othor;^. 
this resolves into Kepler’s law; but when tliis is not the 
case, the proposition thus generalized stands in lieu of that 
law. In the system of the sun and planets, however, the 
numerical correction thus introduced into the results of 
Kepler’s law is too small to be of any importance, the mass 
of the largest of the planets (Jupiter) being much less than 
a thousandtli part of that of the sun. We shall presently, 
however, perceive all the importance of this generalization, 
when we come to speak of the satellites. 
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(493.) It will first, however, be ])ro])er to explain by wliut 
process of CMlcuIation the expression of a planets elliptic 
orbit by its eleineiits can be coinpared with observation, and 
how we can satisfy ourselves that the numerical data con- 
tained in a 'table of such elements for the whole system does 
really exhibit a true j)icture of it, and afford the means of 
determining its state at every instant of time, by the mere 
application of Kepler’s laws. Kovv, for eacli planet, it is 
necossaiy for this purpose to know, 1st, the magnitude and 
form of its ellipse; 2dly, the situation of this ellipse in sjiace, 
witli ]X‘sj)ect to tlie ecliptic, and to a fixed line drawn therein ; 
3dly, the local situation of the planet in its ellipse at some 
known epoch, and its periodic time or mean angular velocity, 
or, as it is called, its mean motion. 

(494.) "rhe magnitude and form of an ellipse are deter- 
mined by its greatest length and least breadtli, or its two 
princijial axes; but for astronomical uses it is preferable to 
use the semi-axis major (or half the greatest length), and 
the excen tricity or distance of the focus from the center, 
whicli last is usually estimated in parts of tlte former. Thus, 
an ellipse, whose length is 10 and breadth 8 ])arts of any scab;, 
litis for its major semi-axis 5, and for its exceiitricity 3 such 
]>arts; but when estimated in parts of the semi-axis, regarded 
as a unit, the excentricity is expressed by the fraction -J', 

(495.) The ecliptic is the plane to wliich an inhabitant of 
the earth most natui'ally refers the rest of tlie solar system, 
as a sort of ground-plane ; and the axis of its‘orl)it might be 
taken for a line of dc}>arture in that plane or origin of angular 
reckoning. Were the axis fixcd^ this would be the best 
po.'sible origin of longitudes ; but as it has a motion (though 
an excessively slow one), there is, in fact, no advantage in 
reckoning from the axis more than from the line of tlie 
equinoxes, and astronomers therefore prefer tlie latter, taking 
account of its variation by the effect of precession, and re- 
storing it, by calculation at every instant, to a fixed position. » 
Now, to determine the situation of the ellipse described by 
a planet with respect to this plane, three elements require to 
be known; — 1st, the inclination of the plane of the planet’s 
orbit to the plauf* of the ecliptic; 2dly, the line in which 
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these two planes intersect eacli oihcr, which of necessity 
passes through the suii^ and whose position with respect to 
the line of the equinoxes is therefore giyen by stating its 
longitude. This line is called the line of the nodcvS. When 
the planet is in tliis line, in the act of passing fro\n the south 
to tlie north side of the ccli[)tic, it is in its ascending nodcy 
and its longitude at that moment is the element called the 
longitude of the node. These two data determine the situation 
of the plane of the orbit ; and there only remains for the 
complete determination of the situation of the j)Ianet’s ellipse, 
to know how it is placed in tliat plane, which (since its focus is 
necessarily in the sun) is ascertained by staling the longitude of 
its perihelion^ or the place which the extreiiiity of the axis 
nearest the sun occupies, when orthographical ly projected on 
the ecliptic.* 

(496-) The dimensions and situation of the planet’s orbit 
thus determined, it only remains, for a complete acquaintance 
with its history, to determine the circumstances of its motion 
in the orbit so precisely fixed. Now, for this purpose, all 
that is needed is to know the moment of time wlien it is either 
at the ])erihelion, or at any other precisely determined point 
of its orbit, and its whole period; for tliese being known, the 
law of the areas determines the place at every otlier instant. 
Tliis moment is called (wdien the perihelion is the point chosen) 
the perihelion passage^ or, when some point of the orbit is fix<*d 
u|K)n, without^special reference to the perihelion, tlic epoch, 

(497.) Thus, then, we have seven particulars or elements, 
which must be numerically stated, before we can reduce to 
calculation tlie state of the system at any given moment, 
lint, these known, it is eas}^ to ascertain the apparent jxisT- 
tioiis of each planet, as it Avould be seen from the sun, or is 
seen from the earth at any time. The former is called the 
hdioccntric ; the latter the geocentric^ place of the planet. 

(498.) To commence with the heliocentric places. Let S 
represent the sun ; 1* A N the orbit of the planet, being an 
ellipse, having the S in its focus, and A lor its ^^erihelion ; 

* Wluit is most improperly called in some books the longitude of the peri- 
helion on tlie orbit '* is a broken arc or an angle made up of two in different 
planes, viz. from the equinox to the node on the ecliptic and thence to the peri- 
helion on the orbit.. 
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and let /? a N T represent the projection of the orbit on th(* 
plane of the elliptic, intersecting the 
line of equinoxes ST in T, which, 
therefore, is tlie origin of longitudes. 
Then Avill S N be the line of nodes ; 
and if we Ksuppose B to lie on the 
south, and A on the north side of the ecliptic, and the di- 
rection of the planet’s motion to be from B to A, N will be 
the ascending node, and the angle T S N the longitude of 
the node. In like nianuer, if P be the place of tlie planet at 
any time, and if it and the perihelion A be })rojected on the 
ecliptic, upon the points a, the angles T B /?, T S Avill 
be the respective heliocentric longitudCwS of the [da net and of 
the perihelion, the former of which is to be determined, and 
the latter is one of tlie given elements. Lastly, the angle 
p S P is the lielloceiitric latitude of tlie planet, which is also 
required to lie known. 

(499.) Now, the time being given, and also the moment of 
the [)lanet’s passing the perihelion, the interval, or the time 
of describing the jiortion A P of the orbit, is given, and the 
periodical time, and the whole area of the ellipse being 
known, the law of proportionality of areas to the times of 
their description gives the magnitude of the area A S P. 
From this it is a jiroblem of pure geometry to determine the 
corn^sponding angle A S P, which is (*rdled the planet’s tr?/.e 
anomedg. This prol)lcm is of the kind called transcendental, 
and has been ri'solved by a great variety of processes, some 
more, some less intricate. It offers, however, no peculiar 
difficulty, and is practically rcsoLx‘d with great facility by 
' lue help of tiibles constructed for the puqjose, adapted to 
the case of each particular [danet. * 

(500.) The true anomaly thus obtained, the planet’s 
angular distance from the node, or the angle N S P, is to be 

* It will readily be understood, that, except in the case of uniform circular , 
motion, an e<|uable description of areas about any center is incompatible with 
an equable description of unijles. The object of the problem in the text is to 
pass from the area, supposed known, to the angle, supposed unknown ; in other 
words, fo derive the true amount of angular motion from the fierihelion, or the 
true anomaly from what is technically cailed the mean {inornaly, that is, the mean 
angular motion winch would have been performed hnd the motion in angle been 
uniform instead of tltc motion inarra. It happens fortunately, that this is the 
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found. Now, the longitudes of the perihelion and node hcirig 
respectively T a and T N, which are given, their difference 
a N is also given, and the angle N of the spherical right- 
angled triangle A N a, being the inclinatfoii of tlie plane 
of the orbit to the ecliptic, is known. Hence avo calculate 
the arc N A, or the angle N S A, which, added to A S P, 
gives the angle N S P required. And from this, regarded 
as the measure of the ai’C N P, forming the hypothemise 
of the right -angled vSphcrical triangle P N p, whose angle N, 
as before, is known, it is easy to obtain the other two sides, 
N p and P p. The latter, being the measure of the angle 
p S P, expresses the planet’s heliocentric latitude ; the former 
measures the angle N S jr?, or the planet’s distance in lon- 
gitude from its node, Avhich, added to the known angle 
T S N, the longitude of the node, gives the heliocentric lon- 
gitude. This process, however circuitous it may appear, 
when once well understood may he gone through numerically 
by the aid of the usual logaritlimic and trigonometrical 
tables, in little more time than it Avill have taken the reader 
to peruse its description. 

(501.) The geocentric differs from the heliocentric place 
of a planet by reason of that parallactic change of apparent 
situation which arises from the earth’s motion in its orbit. 
Were the pin nets’ distances as vast as those of the stars, t he 
earth’s orbital motion would be insensible when viewed 
from them, and they would always appear to us to hold the 
same relative s?tuations among the fixed stars as if view<)d 
from the sun, i. e. they would then be seen in tlieir heliocentric 
places. The difference, then, between the heliocentric and 
geocentric places of a planet is, in fact, the same thing witl^^, 
its parallax, arising from the earth’s removal from tlie centre 
of the system and its annual motion. It follows from this, 
that the first step towards a knowledge of its amount, and 
the consequent determination of the apparent place of each 

simplest of all problems of the transcendental kind, and can l>e resolved, in the 
most difficult case, by the rule of “ false position,” or trial and error, in a very 
fevr minutes* Nay, it may even be resolved approximately on inspection by a 
simple and easily constructed piece of ineclianism, of which the reader may see a 
description in the Caml>rid^e Phil«jst)phica] Transactions, vul. iv. p. 425., by 
the author of this ork. 
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planet, as referred from the earth to tlie spliere of the fixed 
stars, must be to ascertain the prQportion of its linear dis- 
tances from the earth and from tlie sun, as compared with 
the earth’s distance trom the sun, and the angular positions 
of all thi*ee with resjiect to each other. 

(502.) Suppose, therefore, S to represent the sun, E the 
eartli, and V the planet; S T the line of equinoxes, T E 
the cartlfs oi'bit, and P a perpendicular let fall from the 
planet on the ecliptic. Then will the angle S P E (according 
to the general notion of parallax conveyed in art. 69) re- 
p present the parallax of the planet 

arising from the change of station 

from S to E ; E P will be tlie appa- 
/ direction of the planet seen from 

r ^ E ; and if S Q be drawn parallel to 

E p, the angle T S Q will be the geocentric longitude of the 
j)lanet, while T S E represents the heliocentric longitude of 
tlie earth, T S that of the planet. The former of these, 
T S E, is given by the solar tables ; the latter, T S /;, iwS 
found by the process above described (art. 500). Moreover, 
S P is the radius vector of the planet’s orbit, and S E that 
of the eartli’s, both of which are dctermlMed from the known 
dimensions of tlieir respective ellipses, and the places of the 
bodies in them at tlie assigned time. Lastly, the angle 
P S /> is the planet’s heliocentric latitude. 

(503.) Our object, then, is, from all these data, to de- 
termine the angle T S Q, and P E/p, which is the geocentric 
latitude. The process, then, will stand as follows: — 1st, 
In the triangle S P />, right-angled at /?, given S and the 
'^ningle P S p (the planet’s radius vector and heliocentric 
latitude)^ fiiid S p and V p ; 2dly, In the triangle S 35 
given S p (just found), S E (the earth’s radius vector), and 
the angle E S /? (the difference of heliocentric longitudes of 
the earth and planet), find the angle S p E, and the side 
E p. The former being equal to the alternate angle p S QI 
is the parallactic removal of the planet in longitude, which, 
added to T S /p, gives its geocentric longitude. The latter, 
E p (which is called tlie curtate diatance of tJie planet from 
the earth), gives at once the geocentric latitude, by means of 
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the right-angled triangle P E of which E p and P p are 
known sides, and the angle P E is the geocentric latitude 
sought, 

(504.) The calculations required for these purposes arc 
nothing but the most ordinary processes of phine trigo- 
nometry ; and, though somewhat tedious, are neither intricate 
nor difficult. When executed, however, they afford us the 
means of comparing the places of the planets actually 
observed with the elliptic theory, with the utmost exactness, 
and thus putting It to the severest trial ; and it is upon the 
testimony of such computations, so brought into comparison 
with observed facts, that we declare that theory to be a true 
representation of nature. 

(505.) The planets Mercury, Venus, Mars, Jupiter, and 
Saturn, have been known from the earliest ages in which 
astronomy has been cultivated. Uranus Avas discovered by 
Sir W. Herschel in 1781, March 13th, in the course of a 
review of the heavens, in which every star visible in a 
telescope of a certain power was brought under close ex- 
amination, when the new planet was inmiediatcly detected 
by its disc, under a high magnifying power. It has since 
been ascertained to have been observed on many previous 
occasions, with telescopes of insufficient power to show its 
disc, and exon entered in catalogues as a star; and some of 
the observations which have been so recorded liave been 
used to improve and extend our knowledge of its ojbit. 
'The discovery"' of the asteroids dates from the first dny of 
1801, when Ceres was discovered by Piazzi, at Palermo; 
a discovery speedily followed by those of Juno by pro- 
fessor Harding, of Gottingen, in 1804; and of Pallas and, 
V'^esta, by Dr. Olbers, of Bremen, In 1802 and 1807 re- 
spectively. It is extremely remarkable that this important 
addition to our system had been in some sort surmised as a 
thing not unlikely, on the ground that the intervals between 
the orbit of Mercury and the other planetary orbits, go on 
doubling as we recede from the sun, or nearly so. Thus, 
the interval between the orbits of the Earth and Mercury is 
nearly twice that between those of Venus and Mercury ; 
that between the orbits of Mars and Mercury nearly twice 
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that between the Earth and Mercury ; and so on. The 
interval between the orbits of Jupiter and Mercury, how- 
ever, is much too great, and would form an exception to this 
law, which is, ‘however, again resumed in the case of 
the three, planets next in order of remoteness, Jupiter, 
Saturn, and Uranus. It was therefore thrown out, by the 
late professor Bode, of Berlin,* as a possible surmise, that 
a planet not then yet discovered might exist betAveen Mars 
and J ujiiter ; and it may easily be imagined Avhat was the 
astonishment of astronomers on finding not one only, but 
four planets, differing greatly in all the other elements of tlieir 
orbits, but agreeing very nearly, both inter se, and with the 
above stated empirical law, in respect of their mean distance»s 
from the sun. No account, d priori or from theory, was to 
be given of this singular progression, which is not, like 
Kepler’s laws, strictly exact in numerical verification: but 
the circumstances we have just mentioned tended to create 
a strong belief that it was something beyond a mere ac- 
cidental coincidence, and bore reference to the essential 
structure of the planetary system. It was even conjectured 
that the asteroids are fragments of some greater planet which 
formerly circulated in that interval, but which has been blown 
to atoms by an explosion ; an idea countenanced by the ex- 
<*eediug minuteness of these bodies which present discs ; and 
it was argued that in that case innumerable more such frag- 
ments must exist and might come to be hereafter discovered. 
Whatever may be thouglit of such a speculation as a physical 
hypothesis, this conclusion has been verified to a considerable 


* The progression is (rather rudely) that of the numbers 4,4 + S, 4 + G, 
^^4 + 1 2, &c. The empirical law itself, as we have above stated it, is ascribed by 
*v"oiron, not to Bode (who would appear, however, at all events, to have first 
drawn attention to this interpretation of its interruption,) but to professor Titius 
of VVi Item berg. (VViron, Supplement to liailly. ) 

Another law has been proposed (in a letter to the writer, dated March 1, 
18f>9), by Mr. J. Jones, of Brynhytryd, Wrexham. If the planets’ mean 
distances from the sun be arranged in the following orders, — Mercury, Venus, 
Jupiter, Saturn; — the Earth, Mars, Uranus, Neptune the product of the 
means in eacli grouy> is nearly equal to the product of the extremes.' 

Venus X Jupiter Earth x Neptune , t ^ ^ ^ ^ « 

- 1 _ 1 . Xn point of fact the first traction 


Mercury x Saturn 
— 1 *02 ; and the last 
rifally very near. 


Mars 
^ 1 
V 0 3 


Uranus 

, so that the approach to verification of the law is 
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extent as a matter of fact by subsequent discovery, the result 
of a careful and inimite examination and mapping down of 
tlie smaller stars in and^ncar the zodiac, undertaken with that 
express object. Zodiacal charts of this kind, the product of 
the zeal and industry of many astronomers, liave been con- 
structed, in which every star down to the ninth, tenth, or 
even lower magnitudes, is Inserted, and these stars being 
compared with the actual stars of the heavens, the intrusion 
of any stranger within their limits cannot fail to be noticed 
when the comparison is systematically conducted, 'llie dis- 
covery of Astraea and Ilebc by professor Hen eke in 1845 and 
1847 revived the flagging spirit of en(]niry in tliis direction ; 
with what success, the list in the Appendix to this volume 
will best show. The labours of our indefatigable countryman, 
Mr. Hind, have been rewarded by the discovery of no less 
than eight of them. 

(oOG.) The discovery of Ne{)tune marks in a vsignal manner 
the maturity of Astronomical science. The proof, or at least 
the urgent presumption of the existence of such a planet, as 
a means of accounting (by its attraction) for certain small 
irregularities observed in the motions of U ranus, was afforded 
almost simultaneously by the independent researches of two 
geometers, Messrs. Adams of Cambridge and Leverrier of 
Paris, who were enabled, from theory alone, to calculate 
whereabouts it ought to appear in the heavens, if msible, 
the places thus independently calculated agreeing surpris- 
ingly. IVithhi a sinyle degree of the place assigned by 
M. Leverrier’s calculations, and by him comm uni cate d to 
Dr. Galle of tlie Hoyal Observatory at Beilin, and within 
two and a lialf iVi)in that indicated by Mr. Adams, it wjj?; 
actually found by Dr. Galle on the very first night (Sept. 23. 
184G) after the receifit of M. Leverrier’s communication, on 
turning a telescope on the spot, and comparing the stars in 
its immediate neighbourhood with those previously laid down 
. ill one of the zodiacal charts already alluded to.^ 

* t’onstructed by Dr. Hreiniker, of Berlin. On reading the history of ti is 
noble discovery, we are ready to exclatin with Schiller — 

** Mit dern Oenius steht die Natiir in ewigem Bunde, 

Was der Kine verspricht loistet die Andre gewiss.’* 

Professor Challis, of the ('ainl>vidgc Ohsowatory, diivcting ihe Northwna 
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(507.) The mean distance of Nej>tune from the siin-, liow- 
ever, so far from falling In with the sujiposed law of planetary 
distances above mentioned, offers a decided case of discord- 
ance. The interval between itvS orbit and that of Mercury, 
instead of Ijeing nearly double the interval between those of 
Uranus and Mercnry, docs not, in fact, exceed the latter 
interval by much more tlian lialf its amount. Tliis remark- 
able exception may serve to make ns cautions in tlie too 
ready admission of empirical laws of this nature to the rank 
of fundamental truths, though, as in the present instance, 
they may prove useful auxiliaries, and serve as stepping 
stones, affording a temporary footing in the path to great 
discoveries. The force of this remark will be more a])parent 
when we come to explain more particularly the nature of 
the theoretical views which led to the disco veiy of Neptune 
itself. 

(508.) We shall devote the rest of this chapter to an 
account of the physical peculiarities and probable condition of 
the several planets, so far as the former are known by ob 
servation, or tiie latter rest on probable grounds of conjecture. 
In this, three features prlncijially strike us as necessarily 
productive of extraordinary diversity in the provisions by 
which, if they be, like our earth, inhabited, animal life must 
be supported. These are, first, the difference in their re- 
spective supplies of light and heat from the sun; secondly, 
the difference in the intensities of the gravitating forces which 
must subsist at their surfaces, or the different ratios wdiich, 
on their several globes, the inertim of bodies must bear to 
their weights; and, thirdly, the difference in the nature of 
the materials of wliich, from what we know of tlieir mean 
density, we have every reason to believe they consist. The 
intensity of solar radiation is nearly seven times greater on 
Mercury than on the Earth, and on Neptune 900 times less: 

berland telescope of that Institution to the place assigned by Mr. Adams’s 
calculations and its vicinity, on the ^th and 12th of August 1846, saw the 
planet on both those days, and noted its place (among those of other stars) thr ^ 
re-observation. He, however, postponed the comparison of the places observed, 
and, not possessing Dr. BreinikeFs chart (which would have at once indicated 
the presence of an unmapped star), remained in ignorance of the planet s 
rxistenee as a visible object till its announcement as such by Dr. Gaile. 
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the proportion between the two extremes being that of up- 
ward of 5600 to 1. Let any one figure to liimself the 
condition of our globe, were the sun to be septupled, to say 
nothing of the greater ratio ! or were it diminished to a 
seventh, or to a 900th of its actual power I It is true that 
owing to the remarkable difference between the properties 
of radiant heat as emitted from bodies of very exalted tein- 
j)erature, as the sun, and as from such as we commonly term 
warm^ it is very possible that a dense atmosphere surrounding 
a planet, while allowing the access of solar heat to its surface, 
may oppose a powerful obstacle to its escape, and that thus 
the feeble sunshine on a remote planet may be retained and 
accumulated on its surface in the same way (and for the same 
reason) that a very slight amount of sunshine, or even the 
dispersed heat of a bright though clouded day, suffices to 
maintain the Interior of a closed greenhouse at a high tem- 
perature. We cannot then absolutely conclude the preva- 
lence of that excessive cold on the surface of a distant planet 
which its mere remoteness from the sun might lead us, primd 
faciey to expect. 

(508. b.) Again, the intensity of gravity, or Its efficacy 
in counteracting muscular power and repressing animal 
activity, on Jupiter, is nearly two and a half times that on 
the Earth, on Mars not more than one-half, on the Moon 
one-sixth, and on the smaller planets probably not more than 
one-twentieth ; giving a scale of which the extremes are in 
the proportion of sixty to one. Lastly, the density of Saturn 
hardly exceeds one-eighth of the Earth’s, so that it must con- 
sist of materials not heavier on the average than dry fir wood. 
Now, under the various combinations of elements so impor-^ 
tant to life as these, what immense diversity must we not 
aihnit in the conditions of that great problem, the mainten- 
ance of animal and intellectual existence and happiness, which 
seems, so fr.r as we can judge by what we see around us in 
dur own planet, and by the way in which every corner of it 
is crowded with living beings, to form an unceasing and 
worthy object for the exercise of the Benevolence and Wi\> 
doni which preside over all ! 
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(509.) Quitting, however, the region of mere speculation, 
we will now show what information the telescope affords ns 
of the actual condition of the several planets within its reach. 
Of Mercury we can see little more than that it is round, and 
exhibits f)hascs. It is too small, and too much lost iu tlio 
constant neighbourhood of the Sun, to allow us to make 
out more of its nature. The real diameter of Mercury is 
about 3200 miles: its apparent diameter varies from 5'' to 
12''. Nor does Venus offer any remarkable peculiarities: 
although its real diameter is 7800 miles, and although it oc- 
casionally attains the considerable apparent diameter of 61'^, 
which is larger than that of any other planet, it is yet the 
most difficult of them all to define with telescopes. The 
intense lustre of its illuminated part dazzles the sight, and 
exaggerates every imperfection of the telcsco|)e ; yet we see 
clearly that its surface is not mottled over with permanent 
spots like the Moon ; we notice in it neither mountains nor 
shadows, but a uniform brightness, in which sometimes we 
may indeed fancy, or perhaps more than fancy, brighter or 
obscurer portions, but can seldom or never rest fully satisfied 
of the fact. It is from some observations oi* this kind tliat both 
Venus and Mei'cury have been concluded to revolve on their 
axes in about the same time as the Earth, though in tlie 
case of Venus, Biaiichinl and other more recent observers 
have contended for a period of twenty-four times that length. 
The most natural conclusion, from the very rare appearance 
and want of permanence in tlie spots, is, that wc do not see, 
as in the Moon, the real surface of these planets, but only 
their atmospheres, much loaded with clouds, and which may 
serve to mitigate the otherwise intense glare of their sun- 
shine. 

(510.) The case is very different with Mars. In this 
planet we frequently discern, with perfect distinctness, tlie 
outlines of what may be continents and seas. (See Plato III. 
fiff, 1,, which represents Mars in its gibbous state, as seen 
on the I6th of August, 1830, in the 20-feet reflector at 
Slough.) Of these, the former are distinguished by that 
ruddy colour which characterizes the light of tliis planet 
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(which always appears red and fiery), and indicates, no 
doubt, an ochrey tinge in'tlie general soil, like what the red 
sandstone districts on the Earth may possibly offer to the 
inhabitants of Mars, only more decided. Contrasted with 
this (by a general law in optics), the seas, as we may call 
them, appear greenish.* These spots, however, are not 
always to be seen equally distinct, but, when seen, they offer 
the appearance of forms considerably definite and highly 
characteristicf, brought successively into view the rotation 
of the planet, from the assiduous observation of which it has 
even been found practicable to construct a rude chart of the 
surface of the planet. The variety in the spots may arise 
from the planet not being destitute of atmosphere and clouds ; 
and wdiat adds greatly to the probability of this is the ap- 
pearance of brilliant white spots at its poles, — one of which 
appears in our figure, — which have been conjectured, with 
some probability, to be snow ; as they disappear when they 
have been long exposed to the sun, and are greatest when 
just emerging from the long night of their polar winter, the 
snow line then extending to about six degrees (reckoned on 
a meridian of the planet) from the pole. By w’atching the 
spots during a whole night, and on successive nights, it is 
found that Mars has a rotation on an axis inclined about 
30^ 18' to the ecliptic, and in a period of 24^ 37“^ 23**:^ in the 
same direction as the Earth’s, or from west to east. The 
greatest and lee^t apparent diameters of Mars are 4" and 
18", and its real diameter about 4100 miles. 

(511.) We now come to a much more magnificent planet, 
Jupiter, the largest of them all, being in diameter no less 
than 87,000 miles, and in bulk exceeding that of the Earth 
nearly 1300 times. It is, moreover, dignified by the atten- 
dance of four moons, satellites, or secondary planets, as they arc 

• I iiave noticed the phaenomena described in the text on many occasions, but 
never more distinct than on the occasion when the drawing was made from 
which the figure in Plate I. is engraved, — Author, 

t The reader will find many of those forms represented in Shumacher*& 
AstronomiBche Nachrichten^ No. 191, 434, and in the chart in No. 349, by 
Messrs, Beer and Madler. 

X Beer and Madler, Nachr, 349. f?2**736, Proctor, A. Not, xxix. 9SSk 
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called, which constantly accompany and revolve about it, as 
the Moon does round the Earth, and in the same direction, 
forming with their principal, or jyrimary^ a beautiful miniature 
system, entirely analogous to that greater one of which their 
central body is itself a member, obeying the same laws, and 
exemplifying, in the most striking and instructive manner, 
the prevalence of the gravitating power as the ruling prin- 
ciple of their motions : of these, however, we shall speak more 
at large in the next chapter. 

(t512.) The disc of Jupiter is always observed to be 
crossed in one certain direction by dark bends or belts pre- 
senting the appearance, in Plate III. fig, 2., which represents 
this planet as seen on the 23rd of September, 1832, in the 
20-feet reflector at Slough. These belts are, however, by no 
means alike at all times ; they vary in breadth and in situa- 
tion on the disc (though never in their general direction). 
They have even been seen broken up and distributed over 
the whole face of the planet ; but this phsenomenon is ex- 
tremely rare. Branches running out from them, and subdi- 
visions, as represented in tJie figure, as well as evident darker 
spots, are by no means uncommon. But the most singular 
phsenomenon presented by the belts of Jupiter is the occasional 
appearance upon them of perfectly round, well defined, bright 
spots (not unlike the discs of the satellites (see art. 540.), as 
they are occasionally seen projected on the planet when 
passing between it and the Earth, only smaller. They vary 
in situation and number, as many as ten having, on one oc- 
casion (Oct 28, 1857), been seen at once, but, so far as 
hitherto observed, only on the southern hemisphere of Jupiter. 
^'They were first noticed by Mr. Dawes in the spring of 1849, 
but first described and figured by Mr. Lassell, March 27, 1850. 
They have been more recently again and more distinctly and 
consecutively observed by the former of these observers, who 
has given figures of them in Ast. Soc. Not. xviii. pp. 8. 40. 

(,512. a.) From the appearances and configurations of the 
belts, attentively watched, it is concluded that this planet 
revolves in the surprisingly short period of 9^ 55® 2B*3 
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(Airy)/ on an axis perpentlicular to the direction of the belts. 
Now, it is very remarkable, and forms a most satisfactory 
comment on tlie reasoning by which the spheroidal figure of 
the Earth has been deduced from its diurnal rotation, that the 
outline of Jupiter’s disc is evidently not circular, but elliptic, 
being considerably flattened in the direction of its axis of ro- 
tation. This a])pearance is no optical illusion, but is authen- 
ticated by micrometrical measures, which assign 106 to 100 
for the proportion of the equatorial and polar diameters. 
And to confirm, in the strongest manner, the truth of those 
principles on wliicli our former conclusions have been founded, 
and fully to authorize their extension to this remote system, 
it appears, on calculation, that this is really the degree of 
oblateness which corresponds, on those principles, to the 
dimensions of Jupiter, and to the time of his rotation. 

(513.) The parallelism of the belts to the equator of Jupiter, 
their occasional variations, and these appearances of spots seen 
upon them, render it extremely probable that they subsist 
in the atmosphere of the planet, forming tracts of compa- 
ratively clear sky, determined by currents analogous to our 
trade-winds, but of a much more steady and decided charac- 
ter, as might indeed be expected from the immense velocity 
of its rotation. That it is the comparatively darker body of 
the planet which appears in the belts is evident from this, — 
that they do not come up in all their strength to the edge of 
the disc, but fade away gradually before they reach it. The 
round bright spots described above may therefore not impos- 
sibly be insulated masses of cloud, of local origin, analogous 
to the cumuli which sometimes cap ascending columns of 
vapour in our atmosphere. The apparent diameter of J upite v 
varies from 30" to 46"."* 

(514.) A still more wonderful, and, as it may be termed, 
elaborately artificial mechanism, is displayed in Saturn, the 
next in order of remoteness to Jupiter, to which it is not 
much inferior in magnitude, being about 79,000 miles in dia- 

* Prof. P. Smyth and Mr. DclaRuehave published fine representations of 
-Jupiter, the former vas seen from the Peak of Tcneriffc (alt. 10,700 ft.), the 
tater in his observatory at 0.a?ifi.ird. 
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aaeter, nearly 1000 times exceeding the earth in bulk, and 
»ti:fatending an apparent angular diameter at the earth, of 
about 18" at its mean distance. This stupendous globe, 
besides being attended by no less than eight satellites, or 
moons, is surrounded with three broad, flat, and extremely 
thin rings, concentric with the planet and with each other, the 
inner being very faint and semi-transparent ; all lying in one 
plane, and separated by a very narrow interval from each 
other throughout their whole circumference, as they are from 
the {danet by a much wider. The dimensions of this extra- 
ordinary appendage are as follows * : . - 

'' Miles. 

Exterior diameter of exterior bright ring - - - 40’095 — 176,418 
Interior ditto - - - - - - - - 35*289=: 155,272 

jRxterior diameter of interior bright ring - - - 34*475 = 1 51,690 
interior ditto - - - « - - - 26*668= 1 17^339 

Equatorial diameter of the body - . - - 17*991= 79,160 

I ntervai between the planet and interior bright ring - 4*339= 19,090 

Interval of tl)e rings - - - - - - - 0‘40S=: 1,791 

Thickness of the ring not exceeding 250 

The figure (PI. III. Jiff. 3.) represents Saturn surrounded 
by its rings, and having its body striped with dark belts, 
somewhat similar, but broader and less strongly marked than 
those of Jupiter, and owing, doubtless, to a similar cause. f 
Whatever be the materials of which the ring consists (and 
there are strong reasons, Art. 522., for believing it not to 
consist of solid matter) it is at least substantial enough to 
cast a shadow, which, when the Earth is properly situated, 
may be seen on the body of the planet on the side next the 
Sun ; as also to receive one when thrown on it by the body 
on the opposite side. The form of this latter shadow, minutely 
scrutinized with powerful telescopes, has led some observers 
■\o conclude that the edge of the outer ring is in some degree 
rounded, and that the two lings do not lie precisely in one 

* These dimensions are calculated from Prof. Struve’s micrometric measures, 
Mem. Ast Soc. iit. 301 with the exception of the thickness of the ring, which 
is concluded from its total disappearance in 1833, in a telescope which would 
certainly have shown, as a visible object, a line of light one-twentieth of a* 
second in breadth. The interval of the rings here stated is possibly somewhat 
too small. 

t The equatorial bright belt is generally well seen. The subdivision of the 
dark one by twO’ narrow bright bauds is seldom so distinct as represented in the 
plate. 
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plane.* From the parallelism of the belts with the plane of 
the ring, it may be conjectured that the axis of rotation of the 
planet is perpendicular to that plane ; and this conjecture is 
confirmed by the occasional appearance of* extensive dusky 
spots on its surface, which, when watched, like the spots on 
Mars or Jupiter, indicate a rotation in 10^ 16“^ 0®*44 (accord- 
ing to the observations of Sir Wm, Herschel) about an axis 
so situated. 

(515.) The axis of rotation, like that of the earth, preserves 
its parallelism to itself during the motion of the planet in its 
orbit ; and the same is also the case with tlie ring, whose 
plane Is constantly inclined at the same, or very nearly the 
same, - angle to that of the orbit, and, therefore, to the 
ecliptic, viz. 28° ll"";. and intersects the latter plane in a 
line, which makes at present f an angle with the line of 
equinoxes of 167° 31^ So that the nodes of the ring lie in 
167° 31' and 347° 31' of longitude. Whenever, then, the 
planet happens to be situated in one or other of tliese longi- 
tudes, as at C, the jdane of the ring passes through the sun, 
which then illuminates only the edge of it. And if the 
earth at that moment be in F, it will see the ring edgeways, 
the planet being in opposition, and therefore most favour- 
ably situated {caiteru parihus) for observation. Under these 
circumstances the ring, if seen at all, can only appear as a 
very narrow straight line of light projecting on either side 
. of the body as a prolongatron of its diameter. In fact, it is 
quite invisible* in any but telescopes of extraordinary power.J' 
This remarkable pli^enomenon takes place at intervals of fif- 
teen years nearly (being a semi-period of Saturn in its orbit). 
One disappearance at least must take place whenever Saturn 
passes either node of its orbit; but three must frequently 
happen, and two are possible. To show this, suppose S to 
be the sun, ABC D part of Saturn’s orbit situated so as to 

* The excessive tlilnness of the rings leads us to demur to the former of these 
conclusions as a result of observation, thou 4 ^h fully admitting it as theoretically 
probable. 

t According to Bessel, the longitude of the node of the ring increases by 
*46*^ per annum. In 1800 it was 1G6 ° 53' 8''‘9. 

J Its disappearance was mmphte when observed with a reflec tor eighteen 
inches in aperture and twetitv feet in f<»oaI lenjith on the 29th of April, ! 
by the author. 
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include the node of the ring (at C) ; E F G H the EartVs 
orbit; SC the line of the node; EB, GD parallel to SC 
touching the earth’s orbit in E G ; and let the direction of 
motion of both bodies be that indicated by the arrow. Then 
since the idng preserves its parallelism^ its plane can nowhere 
intersect tlie earth’s orbit, and therefore no disappearance 
can take place, unless the planet be between B and D : and, 
on the other hand, a disappearance is possible (if the earth 
be rightly situated) during the whole time of the description 



of the arc B D. Now, since S B or S D, the distance of 
Saturn from the Sun, is to S E or S G, that of the Eartli, as 
9*54 to 1, the angle C S D or C S BznG** 1', and the whole 
angle B S Drrl2^ 2% which is described by Saturn (on an 
average) in 359*46 days, wanting only 5*8 daySrof a complete 
year. The Earth then describes very nearly an entire revo- 
lution within the limits of time when a disappearance is pos- 
sible ; and since, in either half of its orbit E F G or G H F, 
it'^may equally encounter the plane of the ring, one such 
encounter at least is unavoidable within the time specified. 

(516.) Let G be the arc of tfee Earth’s orbit described 
from G in 5*8 days. Then if, at the moment of Saturn’s 
arrival at B, the Earth be at a, it will encounter the plane 
of the ring advancing parallel to itself and to B E to meet 
it, somewhere in the quadrant H E, as at M, after which 
it will be behind that plane (with reference to the direction 
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of Satum’s motion) through all the arc M EFG up to G, 
where it will again overtake it at the very moment of the 
planet quitting the arc BD. In this state of things there 
will be two disappearances. If, when Saturn is at B, the 
Earth be anywhere in the arc a H E, it is equfdly evident 
that it will meet and pass through the advancing plane of the 
ring somewhere in the quadrant H E, that it will again 
overtake and passthrough itsome where in the semicircle E FCt, 
and again meet it in some point of the quadrant G II, so that 
three disappearances will take place. So, also, if the Earth 
be at E when Saturn is at B, the motion of the Earth being at 
that instant directly towards B, the plane of the ring will 
for a short time leave it behind ; but the ground so lost being 
rapidly regained, as the earth’s motion becomes oblique to 
tlie line of junction, it will soon overtake and pass through 
the plane in the early part of the quadrant E F, and passing 
on through G before Saturn arrives at D, will meet the plane 
again in the quadrant G H. The same will continue up to 
a certain point at which, if the earth be initiallj^ situated, 
there will be but two disappearances — the plane of the ring 
there overtaking the earth for an instant, and being imme- 
diately again left behind by it, to be again encountered by 
it in G H, Finally, if the initial place of the earth (when 
Saturn is at B) be in the arc h F a, there will be but one 
passage through the plane of the ring, viz., in the semicircle 
G H E, the earth being in advance of that plane throughout 
the whole of h G. 

(517.) The appearances will moreover be varied according 
as the earth passes from the enlightened to the unenlight>- 
ened side of the ring, or vice versa. If C be the ascendiijg 
node of the ring, and if the under side of the paper be sup- 
posed south and the upper north of the ecliptic, tlicii, when 
the Earth meets the plane of the ring in the quadrant H E, 
it passes from the bright to the dark side : where it overtakes 
•it in the quadrant E F, the contrary. Vice versd^ when it 
overtakes it in F G, the transition is from the bright to the 
dark side, and the contrary where it meets it in G H. On 
the other hand when the earth is overtaken by the ring-plane 
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in the interval E the change is from the bright to the dark 
side* When the dark side is exposed to sights the aspect of 
the planet is very singular. It appears as a bright round 
disCj with its belt^ &c., but crossed equatorially by a narrow 
and perfectly black line. This can never of course happen 
when the planet is more than 6"* 1' from the node of the ring. 
Generally, the northern side is enlightened and visible when 
the heliocentric longitude of Saturn is between 173° 32' and 
341° 30', and the southern when between 353° 32' and 161° 
30'. The greatest opening of the ring occurs when the 
planet is situated at 90° distance from the node of the ring, 
or in longitudes 77° 31' and 257° 31', and at these points 
the longer diameter of its apj^arent ellipse is almost exact!} 
double the shorter. 

(518.) It will naturally be asked how so stupendous sm 
arch, if composed of solid and ponderous materials, can be 
sustained without collapsing and falling in upon the planet? 
The answer to this is to be found in a swift rotation of the 
ring in its own plane, which observation has detected^ owing to 
some portion of the ring being a little less briglit than others, 
and assigned its period at 10'^ 32*" 15% which, from what we 
know of its dimensions, and of the force of gravity in the 
Saturnian system, is very nearly the periodic time of a satel- 
lite revolving at tlie same distance as the middle of its 
breadth. It is the centrifugal force, then, arising from this 
rotation, which sustains it ; and although no observation nice 
enough toexhibit a difference of periods between the outer and 
inner rings have hitherto been made, it is more than probable 
that such a difterence docs subsist as to place each Independ- 
^tly of the other in a similar state of equilibrium. Still, it 
might be urged, sucli is the thinness of the rings that It may 
very well be doubted, whether the strain brought upon either 
of them by the difference of its interior and exterior centri- 
fugal forces, if solid, would not suffice to tear it in pieces. 
A fluid constitution would obviate this difficulty ; and indeed 
it is very possible that the rings may be gaseous, or rather 
such a mixture of gas and vapour as consists with our idea 
of a cloud. 
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(519.) Although the rings are^, as we have said, very 
nearly concentric with, the body of Saturn, yet inicrometri* 
cal measurements of extreme delicacy^ have demonstrated 
that the coincidence is not mathematically exact, but that 
the center of gravity of tlie rings oscillates round that of the 
body, describing a very minute orbit, probably under laws 
of much complexity. Trifling as this remark may appear, 
it is of the utmost importance to the stability of the system 
of the rings, if solid and coherent. Supposing them mathe- 
matically perfect in their circular form, and exactly concen- 
tric with the planet, it is demonstrable that they would form 
a system in a state ol’ mistahle equiUhrium^ which the slightest 
external power would subvert — not by causing a rupture in 
the substance of the rings — but by precipitating them im- 
hrohen on the surface of the planet. For the attraction of 
such a ring or rings on a point or sphere excentrically witliin 
them, is not the same in all directions, but tends to draw the 
point or sphere towards the nearest part of the ring, or away 
from the center. Hence, supposing the body to become, from 
any cause, ever so little excentric to the ring, the tendency 
of their mutual gravity is not to correct but to increase this 
excentricity, and to bring the nearest parts of them together. 
Now, external powers, capable of producing such excentricity, 
exist in the attractions of the satellites, as will be shown in 
Chap. XII. ; and in order that the system may be stable^ 
and possess ^yithin itself a power of resisting the first inroads 
of such a tendency, while yet nascent and feeble, and o])pos- 
ing them by an opposite or maintaining power, it lias been 
shown that it is sufficient to admit the rings, if solid, to be 
loaded in some part of their circumference, either by s<«ue ' 
minute inequality of tliickness, or by some portions being 
denser than others. Such a load would give to the whole 
ring to which it was attached somewhat of the cliaracter of 
a heavy and sluggish satellite maintaining itself in an orbit 
with a certain energy sufficient to overcome minute causes 
of disturbance, and establish an average bearing on its center. 

* By Struve, conBrming a suspicion suggested by the eye-observations of 
M. Schwabe. 
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But even without supposing the. existence of any such load, 
— of which, after all, we have no proof, — and granting, ia 
its full extent, the §eneral instability of the equilibrium, we 
think we perceive, in the rapid periodicity of all the causes 
of disturbance, a sufficient guarantee of its preservation. 
However homely be the illustration, we can conceive nothing 
more apt, in every way, to give a general conception of this 
maintenance of equilibrium under a constant tendency to 
subversion, than the mode in which a practised hand will 
sustain a long pole in a perpendicular position resting on the 
finger, by a continual and almost imperceptible variation <^f 
the point of support. Be that, however, as it may, the ob- 
served oscillation of the centers of the rings about that of 
the planet is in itself the evidence of a perpetual contest 
between conservative and destructive powers — both ex- 
tremely feeble, but so antagonizing one another as to prevent 
the latter from ever acquiring an uncontrollable ascendancy, 
and rushing to a catastrophe. 

(520.) This is also the place to observe, that as the smallest 
difference of velocity between the body and the rings must 
infallibly precipitate the latter on the former, never more to 
separate (for they would, once in contact, have attained a 
position of stable equilihrium^ and be held together ever after 
by an immense force) ; it follows, either that their motions 
in their common orbit round the sun must have been adjusted 
to each other by an external power, with the minutest pre- 
cision, or that the rings must'have been formed about the 
planet while subject to their common orbital motion, and 
under the full and free influence of all the acting forces. 

(521.) [The exterior ring of Saturn is described by many 
observers as rather less luminous than the interior, and the 
inner portion of this latter than its outer. On the night of 
Nov. 11, 1850, however, Mr. G. B. Bond, of the Harvard 
Observatory (Cambridge, U. S.), using the great Fraunhofer 
equatorial of that institution, became aware of a line of de- 
marcation between these two portions so definite, and an 
extension inwards of the dusky border to such an extent 
(one fifth, Ay measurement^ of the joint breadth of the two old 
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rings), as to justify him in considering it as a newly-discovered 
ring. On the nights of the 25tli and 29th of the same 
month, and without knowledge of Mr, feond’s observations, 
Mr. Dawes, at his observatory at Wateringbury, by the aid 
of an exquisite achromatic by Merz, of 6^ inches aperture, 
observed the very same fact, and even more distinctly, so as 
to be sure of a decidedly darker interval between the old and 
new rings, and even to subdivide the latter into two of une- 
qual degrees of obscurity, separated by a line more obscure 
than cither. 

(522. 'I Dr. Galle of Berlin, however, would appear to 
have been the first to notice (June 10. 1838) a faint ex- 
tension of the inner ring towards the body of the planet, to 
about half the interval between the then recognized inner ring 
and the body, as shown hy micrometrical measnres. But this 
result remained iinpubUslied (or at least not generally 
known) until after the observations of Messrs. Bond and 
Dawes, The most remarkable feature of this singular dis- 
covery is, that subsequent observations, from many quarters, 
have concurred in showing the new ring to consist of semi-- 
transparent materials through which the limh of the planet may 
be seen tip to the edge of the interior bright ring. Dark lines 
(ajiparently of a transitory nature) have been observed on the 
bright rings parallel to the permanent dark interval dividing 
them. All these indications taken in conjunction with what 
is said in art. 518. decidedly point to a vaporous constitu- 
tion of these wonderful appendages."*^] 

(522 a,) Still it has been thought remarkable that this new 
ring, or appendage to the rings, should not have been dis- 
covered earlier ; and it has even been conjectured that^he 
breadth of the ring has been gradually increasing inwards 
since the time of Huyghens, its first discoverer: and this 
conjecture for a while appeared to be supported by micro- 
metrical measures obtained by M, Otto Struve (with whom 
the conjecture originated), which seemed to show a still 

* The passage of Saturn across any considerable star would afford an adrair- 
able opportunity of testing the existence of fissures in the rings, as it would fiaah in 
spccession through them. The opportunity of watching for such occultations — * 
when Saturn traverses the Milky -Way, for instance — should not Im? neglected. 
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further diminution of the interval between the rings and the 
ball. The question, however, appears to be definitively settled 
in the negative by the elaborate micrometrical measures of 
Mr. Main, at the Royal Observatory at Greenwich, and by 
the discussions entered into by M. Kaiser. 

(522 b.) Tlie rings of Saturn must present a magnificent 
spectacle from those regions of the planet which lie above 
their enlightened sides, being seen as vast luminous arches, 
spanning the sky from horizon to horizon, and holding an 
almost invariable situation among the stars. To a wspectator 
situated any where in the axis of the planet, it is evident 
that their interior and exterior outlines must both appear as 
circles corresponding to parallels of declination, and must 
occasion a permanent eclijise of every heavenly body lying 
between these parallels. It is otherwise to a spectator situ- 
ated on the planet’s surface. To such a one the interior and 
exterior outline of each ring would, by the effect of per- 
spective, be thrown into nonconcentric ellipses, so that (sup- 
posing he could see through the whole planet and obtain a 
view of the whole ring) it would appear broader on the side 
nearest to him than on that most remote. These ellipses, 
moreover, when traced along the heavens, w^ould not coincide 
with parallels of declination J ; but would deviate from such 
parallels towards the elevated pole, as is evident, if we con- 
sider that a perpendicular ST from any point S on the planet’s 
surface to the plane of the ring AB is parallel to the axis of 


p 



rotation ; so that the right cone ASD, generated by the revo- 
lution of AS round S r, traces on the heavens a circle of decli- 

♦ IMein. Aist. Soc. xxv. 

f Ast. Soc. Noricc, xvi. 65. 

t Tlite circumstances liave been traced in minute detail by Dr. Lardner, who 
first, I believe, drew altention to the effect of siliiation on the surface of the 
planet in modifying the phaenomena presented by the rings. 
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nation, having the edge A of the ring for its upper culminating 
point: whereas the oblique cone A SB, tracing the visible 
course of the ring in the heavens, though coincident with the 
former at its upper culmination A, lies elsewhere wholly 
exterior to it, and has its inferior culmination B nearer to the 
elevated pole by the angle BSD, the difference of the angles 
of the two cones. The apparent course of either edge of the 
ring, then, is a curve touching the circle of declination at 
wliich that edge culminates, but receding from it towards the 
elevated pole, so as to allow stars or the Sun to be visible at 
certain seasons under the r|ng at their rising — to be eclipsed 
wholly or partially by it at its under edge, and again to 
emerge before setting. This will not prevent, however, 
some considerable regions of Saturn from suffering very long 
total interception of the Solar beams, affording, to our ideas, 
but an inhospitable asylum to animated beings, ill compen- 
sated by the feeble light of the satellites. But we shall do 
wrong to judge of the fitness or unfitness of their condition 
from what we see around us, when perhaps the very combi- 
nations which convey to our minds only images of horror, 
may be, in reality, theatres of the most striking and glorious 
displays of beneficent contrivance. 

(523.) Of Uranus we see nothing but a small round 
uniformly illuminated disc, without rings, b(3lts,.or discernible 
spots. Its apparent diameter is about 4^', from which it 
never varies much, owing to the smallness of our orbit in com- 
parison of its own. Its real diameter is about 35,000 miles, 
and its bulk 82 times that of the earth. It is attended by 
four satellites, wliose existence may be considered as con- 
clusively established (and more have been suspected). ^ 

(524.) The discovery of Neptune is so recent, and its 
situation in the ecliptic at present so little favourable for 
seeing it with perfect distinctness, that nothing very positive 
can be stated as to its physical appearance. It was at first sus- 
pected to have a ring, but the suspicion has not been verified, 
ft is attended by at least one satellite, the existence of which 
has been demonstrated by the observations of Mr. Lassell, 
M. Otto Struve, and Mr. Bond. 
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(525.) If the immense distance of Neptune precludes all 
hope of coming at much^nowledge of its physical state, the 
minuteness of the Asteroids is no less a bar to any enquiry 
into theirs. One of them, Pallas, has been said to have 
somewhat of a nebulous or hazy appearance, indicative of an 
extensive and vaporous atmosphere, little repressed and con- 
densed by the inadequate gravity of so small a mass. It is 
probable, however, that the appearance in question has origi- 
nated in some imperfection in the telescope employed, or 
other temporary cauvses of illusion. In Vesta and Pallas 
only have sensible discs been hitherto observed, and those 
only with very high magnifying powers. Vesta was once 
seen by Schroeter with the naked eye. , No doubt the most 
remarkable of their peculiarities must lie in this condition 
of tlieir state. A man placed on one of them would spring 
with ease 60 feet high, and sustain no greater shock in his 
descent than he does on the earth from leaping a yard. On 
such planets giants might exist; and those enormous animals, 
which on earth require the buoyant power of water to 
counteract their Aveight, might there be denizens of the land. 
From some recent researches of M. Leverrier, it appears that 
we shall be Avarranted in attributing to the totality of the 
Asteroids a quantity of matter quite insignificant. 

(525 a,) Tlicre is a remarkable division of the planetary 
system into Iavo families or classes of planets, the large, and 
tlie small. To the latter family belong those interior to the 
orbits of Jupiter, viz.. Mercury, Venus, the Earth, and Mars, 
with the Asteroids. To the former, all exterior to the orbits 
of tlie first class — Jupiter, Saturn, Uranus, and Neptune. 
The Asteroids themselves, however, may be considered as 
forming a family apart, their magnitudes being as much 
inferior to those of the interior planets as these are to the 
exterior, or in a still lower ratio. Not less remarkable is the 
circumstance that while all the Interior planets revolve on 
their axes (so far as is known) in about the same time (24*'), 
the exterior (as is certain In the case of Jupiter and Saturn 
at least) have periods of rotation less than half that length. 
In point of density, too, as Ave shall see further on, an 
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equally marked distinction of specific character is preserved, 
all the interior ones haying about the same density as the 
Earth, while that of all the exterior is. very mucli less, 
not exceeding a quarter of the Earth, and agreeing (in the 
cases of Jupiter and (Jianus) very closely with that of the 
Sun. 

(526.) W e sliall close this chapter with an illustration cal- 
culated to convey to the minds of our readers a general iin{)res- 
sion of the relative magnitudes and distances of the parts of 
our system. Choose any well levelled field or bowling-green. 
On it place a globe, two fet^t in diameter; this will represent 
the Sun: Mercury will be represented by a grain of mustaril 
seed, on the circninferencc of a circle 164 feet in diameter 
for its orbit ; Venus a pea, on a circle of 284 feet in diameter ; 
tile l^artli also a pea, on a circle of 430 feet ; Mars a ratlier 
large [lin’s head, on a circle of 654 feet: the Asteroids, grains 
of sand, in orbits of from 1000 to J200 ieet ; Jiqiiter a 
moderate-sized orange, in a circle neaily half a mile across; 
Saturn a small orange, on a circle of four-liftlis of a mile ; 
Uranus a full-sized cherry, or small pi urn, upon the circurn- 
ference of a circle more than a mile and a hrilf; and Neptune 
a good-sized plum, on a circle about two miles and a half in 
diameter. As to getting correct notions on this subject by 
drawing circles on paper, or*, still worse, from those very 
childish toys called orreries, it is out of the (juestion. To 
imitate the motions of the planets, in the aliove-mentioned 
orbits, Mercury must descrijbe its own diameter in 41 seconds; 
Venus ill 4“^ 14®; the Earth, in 7 minutes ; l\Tars, in 4**^ 48®; 
Jupiter, 2^ 56*"; Saturn, in 3^ 13”'; Urann.^ in 2^ 16“'; 
and Neptune, in 3^ 30“*.* ^ 

* In the Penny Encyclopaedia,” vol. 22. p. l‘)7, the diameters of the orl)it8 of 
the planets here set down, are quoted as their diatancef, IVoin the center, and the 
siaeof the sun Is enlarged to four feet, while the . sizes of the planets are iinaltercMl. 
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CHAPTER X. 

OP THE SATELLITES. 

OF THE MOON, AS A SATELLITE OF THE EARTH. — GENERAL PROX- 
IMITT OF SATELLITES TO THEIR PRIMARIES, AND QONSEQUEN 1’ 

SUBORDINATION OF TMEIR MOTIONS. MASSES OP THE PRIMARIES 

CONCLUDED FROM THE PERIODS OF THEIR SATELLITES. 31AJX- 

TENANCE OF KEPLEll’s LAWS IN THE SECONDARY SYSTEillS. OK 

Jupiter’s satellites. — their kct.ipses, etc. — velocity of 

LIGHT DISCOVERED BY THEIR MEANS. SATELLITES OF SATURN 

OF URANUS OF NEPTUNE. 

(527.) In the annual circuit of the earth about the sun, it is 
constantly attended by its satellite, the moon, which revolves 
round it, or rather both round their common center ot 
j^ravity; while this center, strictly speaking, and not either ol 
tiie two bodies thus connected, moves in an elliptic orbit, un 
disturbed by their mutual action, just as the center of gravity 
of a large and small stone tied together and flung into the air 
describes a parabola as, if it were a real material substance 
under the earth’s attraction, while the stones circulate round 
it or round each other, as we choose to conceive the matter. 

(528.) If we trace, therefore,.the real curve actually de- 
scribed by either the moon’s or the earth’s centers, in virtue 
of this conipound motion, it will appear to be, not an exact 
ellipse, but an undulated curve, like that represented in the 
figure to article 324., only that the number of undulations in 
a whole revolution is but 13, and tlieir actual deviation from 
the general ellipse, which serves them as a central line, is 
comparatively very much smaller ^ — so much so, indeed, that 
every part of the curve described by either the earth or inooA 
is concave towards the sun. The excursions of the earth on 
either side the ellipse, indeed, are so very small as to be 
hardly ap[>retiable. In fact, the center of gravity of the 
earth and moon lies always tcithm the surface of the earth, so 
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tluit the monthly orbit described by the earth’s center about 
the common center of gr^avityis comprehended within a space 
less than the size of the earth itself. The effect never- 
theless, sensible, in producing an apparent montiily displace- 
ment of the sun in longitude, of a parallactic hind, which is 
called the menstrual equation; whose greatest amount is, how- 
ever, less than the sun^s horizontal parallax, or than 8*6'^ 
(529.) The moon, as we have seen, is about dO radii of tlie 
earth distant from the center of the latter. Its proximity, 
therefore, to its center of attraction, thus estimated, is much 
greater than tliat of the planets to the sun ; of which Mercurv, 
the nearest, is 84, and Uranus 2026 solar radii from its 
center. It is owing to this |)roximity that the moon remains 
attached to the earth as a satellite. Wenj it much farther, 
the feebleness of its gravity towards the earth would be in- 
adequate to produce that alternate acceleration and re- 
tardation in its motion about tlio sun, wliich divests it of the 
character of an independent planet, and keeps its movements 
subordinate to those of the eiirth. The one would ontriin, 
or be left behind the other, in their revolutions round the 
sun (by reason of Kepler’s third law), according to the re- 
lative dimensions of tlieir heliocentric orbits, after which the 
Avhole influence of the earth would be confined to producing 
some considerable periodical disturbance in the moon’s motion, 
as it passed or was ])aBsed by it in each synodical revolution, 
(o3().) At ihe distance at which tlie moon really is f rom us, 
Its gravity towards the earth is actually less than towards the 
sun. That this is the case appears sufficiently from what, 
we have already stated, that the moon’s I'eal path, even when 
between the earth and sun, is concave towards the latufi\ 
But it will appear still more clearly if, from the known 
periodic times* in which the earth completes its annual and 

R and v radii of two orbits (supposed circular), P and p the periodic 
times; then the arcs in question (A and a) are lo each other as p 
since the verged sines are as the squares of the arcs directly and the radii in- 
vt'rseiy, these are to each otiier as ^to and in this ratio are the forces acting 
on the revolving bodies in either case. 
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the moon its montiily orbits and from tlie dimensions of those 
orbits, we calculate the amount of dt'flection in either, from 
their tangents, in.eqinil very minute portions of time, as one 
second* These are the versed sines of the arcs described in that 
time in the two orbits, and these are tlie measures of the acting 
forces which produce those deflections. If we execute the 
numerical calculation in the case before us, wc shall find 2*233; 
1 i*or the projiortlon in which the intensity of the force which 
retains the earth in i(s orbit round the sun actually exceeds tliac 
by which the moon is retained in its orbit about the earth. 

(531.) Now the sun is about 400 times more remote from 
the earth than the moon is. Aud, as gravity increases as tl)e 
squares of the distances dt*crease, it must follow that at equal 
distances, the intensity of solar would exceed that of teiaes* 
trial gravity in the above pro{)ortion, augmented in tlie further 
ratio of the square of 400 to 1 ; that is, in the pnqiortion of 
355,000 to 1 ; and therefore, if we grant that the intensity of 
the gravitating energy is commensurate with the mass or in- 
ertia of the attracting body, we are compelled to admit the mass 
of the earth to be no more than 3 ;^Voo of the siin.'^ 

(532.) The argumenf is, in fact, notliing more than a re- 
capitulation of what has been adduced in Chap. VIII. (art. 
448.) But it is here re-introduced, in order to show how 
the mass of a ) Janet which is attended by one or more satel- 
lites can l>e as it were weighed against the sun, provided wo 
have learned, from observation, the dimensions of the orbits 
described by the j)hvnet about the sun, and by the satellites 
about the planet, and also the periods in which these orbits 
are respectively described. It is by tins method that the 
masses of Jupiter, Saturn, Uranus, and Nej^tune have been 
ascertained, and from which their densities are concluded. 
See art. (56 L). 

(533.) Jupiter, as already stated, is attended by four 
satellites ; Saturn by eight ; Uranus certainly by four ; and 


* In tlie synoptic table at the end of this volume, the mass of the stin is taben 
somewhat higher, according to the most recent determination. It has not been 
tiionglit worth while to alter all the figures of the text in conformity with that 
estimate. 



SATELLITES OF TliriTER. 


357 


Kcptnne by one, or possibly more. These, will) tlicir re- 
fipective primaries (as the central planets are called) form in 
each case miniature systems entirely analogous, in the 
general laws by which their motions are governed, to the 
great system in which the sun acts the part of the prinmry, 
juid tlie planets of its satellites. In each of these systems 
the laws of Kepler are obeyed, in the sense, that is to say, in 
which they are obeyed in the planetary system — approxim- 
ately, and without prejudice to the effects of mutual pcj’tur- 
hation, of extraneous intei-fcrence, if any, and of that smalt 
hat not imperceptible correction which arises from the elliptic 
IVnan of the central body. Their orbits are circles or ellij)ses 
of very moderate excentrlcity, the ])riiiiary occupying one 
focus. About this they describe areas very nearly ])ropor- 
tional to the times; and tlie squares of the periodical times 
of all the satellites belonging to each planet are in pro[)ortiou 
to e.ich other as the cubes of their distances. The tables at 
tlie end of the volume exhibit a synoptic view of the distances 
and [leiTods in tliese several systems, so tar as tliey are at 
present known; and to all of them it will lie observed that 
tlu^ same remark respecting their jiroximity to tlieir primaries 
liolds good, us in the ease of the moon, with a siniihir reason 
(or siudi (dose connection, 

(534.) Of these systems, liowevcr, the only one which has 
lu'en St udied with attention to ail its details, is that of J upiter ; 
partly on aceoqnt of the conspicuous brilliancy of its four 
attendants, wliioh are large enough to offer visible and 
nuasurable discs in telescopes of great [lower; but more for 
(he sake of their eclipses, which, as tlicy Inijqien very fre- 
quently, and are easily observed, afford signals of considerab?b 
use for the determination of terrestrial longitud 'S (art. 286.). 
This method, indeed, until thrown into the background by 
tlie greater facility and Exactness now attainable by lunar 
observations (art. 287.), was the l>est, or rather the only 
one which could be relied on for great distances and long 
intervals. 

(535.) The satellites of Jupiter revolve from west to east 
(following the analogy of the planets and moon), in idanes 
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very nearly^ although not exactly, coincident with tliat of 
the equator of the planet, or parallel, to its belts. This latter 
])lane is inclined 3^^ 5' 30" to the orbit of the planet, and is 
therefore but little different from the plane of the ecliptic. 
Accordingly, we see their orbits projected very nearly into 
straight lines, in which they appear to oscillate to and fro, 
sometimes passing before Jupiter, and casting shadows on 
his disc (which are very visible in good telescopes, like small 
roimd ink s[)ots, tlie circular form of which is very evident), 
and sometimes disappearing behind the body, or being 
eclipsed in its shadow at a distance from it. It is by these 
e(*li{)ses that we arc furnished with accurate data for the 
construction of tables of the satellites’ motions, as well as 
with signals for determining differences of longitude. 

(536.) The eclipses of the satellites, in their general con- 
ception, are peilectly analogous to those of tlic moon, but in 
their detail they differ in several particulars. Owing to the 
much greater distance of Jupiter from the sun, and its 
greater magnitude, the cone of its shadow or umbra (art. 420.) 
is greatly more elongated, and of far greater dimension, than 
tliat of the earth. The ^satellites are, moreover, mucli less in 
inoportion to their primary, their orbits less inclined to 
ecliptic, and (comparatively to the diameter of tlie |)lanet) of 
smaller dimensions, than is the case with the moon. OwiJig 
to these causes, the tlu'ce interior satellites of Jujiiter pass 
through the sliadow, and are totally eclipsed, e.very rt^voluiion; 
and the fom*tli, though, from the greater inclination of its 
orbit, it sometimes escapes eclipse, and may occasionally graze 
as it were the border of the shadow, and suffer partial eclipse, 
yet does so comparatively seldom, and, ordinarily speaking, 
its eclipses happen, like those of the rest, each revolution. 

(537.) Tliese eclipses, moreover, are not seen, as is the 
case with those of the moon, from fhe center of their motion, 
but from a remote station, and one whose situation with 
respect to the line of shadow is variable. This, of course, 
makes no difference in the times of the eclipses, but a very 
great one in their visibility, and in their apparent situations 
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with respect to the planet at the moments of their entering 
and quitting the shadow. 

(538.) Suppose S to be the sun, E the, eaiTh in its orbit 
EEG K, J Jupiter, and a h the orbit of one of its satellites. 
The cone of the shadow, then, will have its vertex at X, a 
point far beyond the orbits of all the satellites ; and the 



penumbra, owing to the great distance of the sun, and the 
consequent smallness of the angle (about 6' only) its disc 
subtends at Jupiter, will hardly extend, within the limits of 
the satellites’ orbits, to any perceptible distance beyond the 
shadow, — fur winch reason it is not represented in the figure. 
A satellite revolving from west to east (in the direction of 
the arrows) will be eclipsed when it enters the sliadow at 
but not suddenly, because, like the moon, it has a considerable 
diameter seen from tlie planet ; so that the time elapsing 
fiom tlie first perceptible loss of ligiit to its total extinction 
will be that wliich it occupies in describing about ^Jupiter 
an angle equal to its apparent diameter as seen from the 
center of the planet, or ratlier somewhat more, by reason of 
the penumbra; and the same remark applies to its emergence 
at h. Now, owing to the difference of telescopes and of eyes, 
it is not possible to assign the precise moment of incipient 
obscuration, or of total extinction at a, nor that of the first 
glimpse of light falling on the satellite at 5, or the complete 
recovery of its light. The observation of an eclipse, then, 
in which only the immersion, or only the emersion, is seen, 
is incomplete, and inadequate to afford any precise iuforina- 
tlon, theoretical or practical. But, if both the immersion 
and emersion can he observed xoith the same telescope and by 
the same person^ the interval of the times will give the duration, 
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and their mean the exact middle of the eclipse, when the 
satellite is in the line S J X, i, e. the true moment of its 
o|)position to the sun. Such observations, and such only, arc 
of use for determining tlie periods and other particulars of 
the motipil^ of the satellites, and for affording data of aoy 
material use for the calculation of terrestial longitudes. 
The intervals of the eclipses, it will be observed, give tlic 
synodic periods of the satellites’ revolutions ; from which their 
sidereal periods must be concluded by the method in art. 418. 

(539.) It is evident, from a mere inspection of our figure, 
that the eclipses take place to the west of the planet, when 
the earth is situated to the west of the line S J, /. e. before 
the opposition of Jupiter ; and to the east, when in the other 
lialf of its orbit, or after the opposition. When the earth 
approaches the opposition, the visual line becomes more and 
more nearly coincident with the direction of the shadow, and 
the apparent place where the eclipses happen will be con- 
tinually nearer and nearer to the body of the planet. AAHien 
the earth comes to F, a point determined by drawing h F t(» 
touch the body of the planet, the emersions will cease to be 
visible, and will thenceforth, up to the time of the opposition, 
happen behind tlie disc of the planet. Similarly, from the 
opposition till the tiiiui when the earth arrives at T, a point 
determined by drawing a I tangent to the eastern rnnb 
of Jujjitcr, the will be concealed from our view. 
When the (‘artli arrl\'es at G (or H) the immersion for ciner- 
sion) will Inippcn at the very edge of the visible disc, and 
when between G and II (a very small sjiace), the satellites 
will pass unedipsed hefiind the limb of the planet. 

^540.) Both the satellites and their shadows arc frequently 
observed to tremsii or pass across flie disc of the planet. 
AVhen a satellite comes to 7//, its sliadow will be tlirown on 
Jupiter, and will appear to move across it as a black spot till 
the satellite comes to w. But the satellite itself will not 
appear to enter on the disc till it comes up to tfie line drawn ' 
from E to the eastern edge of the disc, and will not leave it 
till it attains a similar line drawn to the western edge. It 
appears then that the shadow will precede the satellite in its 
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pi’ogresa over the disc before the opposition of J upiter, and 
uice versa. In these transits of the satellites, which, with 
very powerful telescopes, may be observed with great 
|)recision, it frequently liappens that the satellite itself is 
discernible on the disc as a bright spot if projected qn a dark 
belt ; but occasionally also as a dark spot of smaller dimensions 
than the shadow. Tliis curious fact (observed by Schroeter 
and Harding) has led to a conclusion that certain of the 
satellites liavc occasionally on their own hodiesy or in their 
atmospheres, obscure spots of great extent. W a say of great 
extent; for the satellites of Jupiter, small as they appear to 
us, are really bodies of considerable size, as the following 
comparative table will show:* — 



apparent 
(liaijK'rer as >ei'n 
from t.hi; earii). 

Moan ap}>arent 
tii.iniotoir as soon irom 
Jujiitor’s canitor. 

Oiamoter in 
miles. 


Jupiter 
ist satellite 

39^' ni 

1-J05 

S3' 

11" 

91128 

2508 

1 -0 000000 

0 0000173 

*2ii 

0-911 

17 35 

2068 

0’0000232 

S(1 

] -488 

18 

o . 

3.377 

0*00008 8. > 

4th 

1 *273 

8 

46 

2890 

0*0000427 


From which it follows, that the first satellite appears, when 
on Ju])iter\s horizon, as large as our moon to us ; the 8CC{)ml 
and third nearly equal to each other, and of somewhat more 
than half the apparent diameter of the first, and the fourth 
about one quarter of that diameter. So seen, ttey will 
frequently, of course, eclipse one another, and cause eclipses 
of the sun (the* latter visible, however, only over a very small 
portion of the planet), and their motions and aspects with 
respect to each other imist ofllbr a perpetual variety and 
singular and pleasing interest to the inhabitants of their 
primary. 

(541.) Besides the eclipses and the transits of the satellites 
across the disc, they may also disaj.ipeai- to us when not 
eclipsed, by passing behind the body of the planet. Thus, 
when tljc earth is at Vj, the immersion of the' satellite will be 
seen at «, and its emersion at both to the west of the 

* Struve, JMein. Art. Sac. iii. aoi. Main. Do. xxv. p, 51, 

t Laplace, Mec. Cel. liv, viii § 27. 
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planet, after which the satellite, still continuing its course in 
the direction &, will pass behind the body, and again emerge 
on the opposite side, after an interval of occultation greater 
or less according to the distance of the satellite. This interval 
(on account of the great distance of the earth compared with 
the radii of the orbits of the satellites) varies but little in 
tlie case of each satellite, being nearly equal to the time 
wliich the satellite recpiires to describe an arc of its orbit, 
equal to the angular diameter of Jupiter as seen from its 
center, which time, for the several satellites, ivS as ^‘ollo^vs ; 
viz., for the first, 2*' 20^'; for the second, 2^^ 56”‘ ; for the 
third, 43*“ ; and for the fourth, 4** 56*“; the corresponding 
diameters of the planet as seen from these respective satellites 
being, 19*^ 49' ; 1 2" 25' ; 7*^ 47' ; and 4° 25'.^ Before the op- 
position of Jupiter, these occultations of the satellites liap})en 
after the eclipses : after the opposition (when, for instance, 
the earth is in the situation K), tlie occultations take place 
before the eclipses. It is to be observed, that, owing to tlie 
proximity of the orbits of the first and second satellites t<> 
the planet, both the immersion and emersion of either of 
tliem can never be observed in any single eclipse, the im- 
mersion being concealed by the body, if the planet be past its 
opposition, the emersion if not j^ct arrived at it. So also of 
the occultation. The commencement of tlic occultation, or 
the passage of the satellite behind the disc, takes place while 
obscured by the shadow, before opposition, and it§ re-emer- 
gence after. All these |)articulars will be easily apparent on 
mere inspection of the figure (art. 536.). It is only during 
the short time tluit the earth is in tlie arc G IT, i.e. between 
tjie sun and Jupiter, that the cone of the shadow converging 
(while that of the visual rays diverges) behind the planet, 
liermits their occultations to be completely observed l)otli 
at ingress and egress, uuobscured, the eclipses being then 
invisible. 

(542.) An extremely singular relation subsists between the 
mean angular velocities or mean motions (as they are termed) 

These data are taken approximately from Mr. Woolhouse’s paper in the 
supplement to the NaiuUal Almanack for 1S35. 
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of the three first satellites of Jupiter. If the mean angular 
velocity of the first satellite be added to twice that of the 
third, the sum will equal three times th/it of the second. 
From this relation it follows, that if from the menu longitude 
of the first, added to twice that of the third, be subducted 
three times that of the second, the remainder will always be 
the same, or constant, aifd observation infoi’ms us iliat this 
constant is 180% or two right angles; so that the situations 
of any two of them being given, that of the third may bo 
found. It has been attempted to account for this remarkable 
fact, on the theory of gravity by their mutual action ; and 
Laplace has demonstrated, that if this relation were at any 
one epoch approximately true, the mutual attractions of the 
satellites would, in process of time, render it exactly so. 
One curious consequence is, tliat these three satellites cannot 
be all eclipsed at once; for, in consequence of the last-men- 
tioned relation, when the second and third lie in the sarne 
direction from the center, the first must lie on the ojyposHe ; 
and therefore, when at such a conjuncture the first is eclipsed, 
tlie other two inuvst lie between the sun and j)lanet, throwing 
their shadows on the disc, and vice versa. 

(543.) Although, however, for the above inentioued reason, 
the satellites cannot be all ecUjiscd at once, yet it may }iaj)]>en, 
and occasionally does so, that all are either eclipsed, occulted, 
or projected on the body, in wliich case they are, generally 
s{)eaking, equally invisible, since it requires an excellent tele- 
scope to discern a satellite on the body, except in peculiar 
circimistances. Instances of the actual observation of Jupiter 
thus denuded of its usual attendance and offering the appear- 
ance of a solitary disc, though rare, have been more than 
once recorded. The first occasion in which this was noticed 
was by Molyneux, on November 2d (old style), 1681.* A 
similar observation is recorded by Sir W. Ilei-scliel as made 
by him on May 23d, 1802. The phicnomenon has also been 
observed by Mr. Wallis, on April loth, 1826 (in which case 
the deprivation continued two whole hours) ; and lastly by 
Mr. H. Gricsbach, on September 27th, 1843. 

* Molyneux, Optics, p. i27I, 
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(544.) The discovery of Jupiter’s satellites, one of the 
first fruits of the invention of the telescope, and of Galileo’s 
early and happy idea of directing its new-found ])Owers to 
the examination of the heavens, forms one of the most 
memorable epochs in the history of astronomy. The first 
astronomical solution of the great problem of the hmgitmy’ 
— practically the most important fw the interests of mankiiul 
which Las ever been brought under the domiiiion of stih t 
scientific principles, dates immediately from their discover}'. 
The final and conclusive establishment of the Copcriiican 
system of astronomy may also be considered as referable to 
the discovery and study of this exquisite miniature system, 
in wliicli the laws of the planetary motions, as ascertained by 
Ivcpicr, and especially that which connects their periods and 
distances, were speedily traced, and found to be satisfactorily 
maintained. A’kI (as if to accumulate historical interest on 
tills point) it is to tlie observation of their eclipses that we 
owe the grand discovery of the successive propagation of 
light, and the determination of tlie enormous velocity of that 
wonderful elexnent. This wo must explain now at larger, 
(545.) T1 10 earth’s orbit being concentric with that of 
Jnjiiter and interior to it ( 806 ./?^. art. 536.), tlieir nmtiiiil 
distance Is contiiinally varying, the variation extending from 
the sum to the diffenmee of the radii of the two orliils; and 
tlie dili'erence of the greater and least distances being eciiial 
to k d.iaiiK'tcv of the earth’s orbit. Now, it \\[as observed by 
Koemor (a Danisli astronomer, in 1675), on comparing to- 
gether observations of eclipses of the satellites during 
many successive y* ars, that the eclipses at and about the 
opposition of .Jupiter (or its nearest point to the earth) took 
jdace too soon — sooner, that is, than, by calculation from an 
average, he oxjiected them ; whereas those which happened 
when the earth was in the part of its orbit most remote fi'om 
Jupiter were always too late. Connecting tlie observed error 
in their computed times witli the variation of distance, he 
concluded, that, to make the calculation on an a verage period 
correspond with fact, an allowance in respect of time behoved 
to be made pi oportioga! to the excess or defect ol‘ .Jupiter’s 



SATELLITES OF SATUllX. 


365 


riistimce from the earth above or below its average amount, 
a nd Buch that a difference of distance of one diameter of tlie 
earth’s orbit should correspond to 16*“ 26®*6 of time allowed. 
Si)eculating on the probable physical cause, he was naturally 
led to think of a gradual instead of an instantaneous [no- 
pagation of light This explained every particular of tlu* 
observed phsenomenon, b\it the velocity required ( 192,000 
miles per second) was so great as to startle many, and, at all 
events, to require confirmation. This has been afforded since, 
and of the most unequivocal kind, by Bradley’s discovery of 
the abeiTation of light (art 329.). Tlie velocity of liglit 
deduced from this last pliaBnomenon differs by less than one 
eightieth of Its amount from that calculated from the eclipses, 
and even this difference will no doubt be destroyed by nicer 
and more rigorously reduced observations. Tlie velocity has 
also been determined by M. Fizeau (by direct experiments 
wltli a TX'flccting apjiaratus on a most ingenious piiiiciple, 
suggested by Mr. Wlieatstoue for measuring the velocity 
of the electric current) at 70,000 gcograpliical leagues, 2b 
to the degree — 194,600 statute miles per second. 

(.146.) 4'hc orliits of flupiter’s satellites are but little ex- 
ec iitric, tliose of‘ the two interior, indeed, have no perceptible 
excentricity. Their niutual action produces in them per- 
tuibations analogous to those of tlie planets about the sun, 
and which have been diligently investigated by Laplace and 
others. By assiduous observation it has been ascertained 
that tliey are 'subject to marked fluctuations in respect of 
brightness, and that these fluctuations happen jieriodically, 
according to their position with respect to the sun. From 
this it has been concluded, apparently with reason, that tliey 
turn on their axes, like our moon, in periods equal to their 
respective sidereal revolutions about their primary. 

(547.) The satellites of Saturn have been much less 
studied than those of Jupiter, being far more difficult to ob- 
serve. The most distant has its orbit materially inclined 
(no less than 12"^ 14')* to the plane of the ring, with which 
the orbits of all the rest nearly coincide. Nor is this the only 
‘ ♦ Lalande, Astron., Art. 
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circumstance which separates it by a marked difference of 
character from the system of the seven inferior ones, and 
renders it in some sort an anomalous member of the Saturnian 
system* Its distance from the planet’s center is no less than 
64 times tlie radius of the globe of Saturn, a distance from 
the j)rimary to which our own moon (at 60 radii) offers the 
only parallel. Its variation of light also In different parts of 
its orbit is very mucli greater than in the case of any otlier 
secondary planet. Dominic Cassini indeed (Its first dis- 
coverer, A. D. 1671) found it to disappear for nearly half its 
revolution when to the east of Saturn, and though the more 
powerful telescopes now in use enable ns to follow it round 
the vvliole of its circuit, its diminution of light is so great in 
the eastern half of its orbit as to render it somcwliat difficult 
to yiercelve. From this circumstance (viz. from tlie defalca- 
tion of light occurring constantly on the same side of Saturn 
as seen from the earth, the visual ray from which is never 
very oblique to' the direction in which the sun’s light falls on 
it) it is pi’csumed, with much certainty, that tills satellite 
revolves on its axis in the exact time of rotation about the 
primary ; as we know to be the case with tlie moon, and as 
there is considerable ground for believing to be so with all 
sccondaries- 

(548.) The next satellite In order, proceeding inwards, (as 
it used to be considered until the recent discovery of an in- 
termediate one,) was tlie first to bo detected.'^ It is by far 
the largest and most conspicuous of all, and is probably not 
much inferior to Mercury in size. It is the only one of 
the number whose theory and perturbations have been at all 
enquired intof further than to verify Kepler’s law of the 
periodic times, which holds good, mutatis mutandis, and under 
the requisite reservations, in this, as in the system of Jupiter. 
The three next satellites, still proceeding inwards J, arc very 
minute, and require pretty powerful telescojies to see them; 
while tlie two interior satellites, which just skirt the edge of 

♦ By H 11 yghene, March 25, 1(555. 

f By Bessel, Astr, Nachr, Nos. 193, 214, 

t Discovered hy Dominic Cassini in 16T2 ^ln«^ 1(^84. 
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the ring*, can only be seen with telescopes of extraovdinju'y 
power and perfection, and under the most favourable atino 
spheric circumstances. At the epoch of their discovery they 
were seen to thread, like beads, the almost iiifinitcly thin 
fibre of light to which the ring, then seen edgew^ays, was 
reduced, and fora short time to advance off It at cither end, 
speedily to return, and hastening to their habitual conceal 
merit behind or on the body. An eighth very faint satellite 
has been recently detected (between the two outermost of 
the old satellites) simultaneously (within the same liour) by 
Mr. Dawes, Mr. Lassell, and Professor lioiid f, the two 
former observing together in Mr. Lasseirs observatory at 
Starfield, the latter in that of Cambridge, IJ.S. 

(p49.) Owing to the obliquity of the ring and of the orbits 
of the satellite s to Saturn’s ecliptic, there are no ccli|)ses, oc- 
eultations, or transits of these bodies or their shadows across 
the disc of their primary (tlie interior ones excepted), until 
near the time when the ring is seen edgewise, and when they 
do take place their observation is attended with too much 
difficulty to be of any practical use, like the eclipses of 
dupiter’s satellites for the detcjanination of longitudes, for 

* Discovered by Sir Willinin ITersebol in 1739. 

t On the night of the 19th of Sept. ISIS, Considerable confusion used 
already to prevail, before the discovery of this satellite, in the uoinenelatiire of 
the Saturnian system, owing to the order of discovery not coinciding with that 
distances. Astronomers were not agreed whether to call tl»e two interior 
satellites the 6th and 7th (reckoriing inward) and tlic older ones the Ist, 9cl, 3d, 
-^th, and 5th, reckoning outward ; or to commence with the innermost and reckotj 
outwards, from 1 to' 7. This confusion, which the introduction of an <3ighth 
would have rendered intolerable, has been obviated by a mythological nomen- 
clature, suggested in a former edition of this work, and which has heeii generally 
accepted, in cotisonance with that at length completely establ * lied for the primary 
planets. Taking the names of the 'I'itanian divinities, the following verses (par- 
doning false quantities) afford an easy artificial memory. ^ 

lapetus cunctos supra rotat, huncce scqiiuntur 
Hyperion, Titan, Rhea, Dion2, T^thy.s, 

Enceladus, Mimas — 

It is worth remarking that Simon Marius, who disputed the priority of the 
discovery of Jupiter^s satellites with Galileo, proposed for them mythoiogical 
^ names, viz: — lo, Europa, Ganymede, and Callisto. The revival of these names 
would savour of a proference of Marius’s claim, which, even if an absolute 
priority w’cre conceded f which it is not), would still leave Galileo’s general 
‘•hiiui to the use of the telescope as a means of a^itronomical discover^ intact, 
Rut in tlie case of Jupiter’s satellites there exists no confusion to rectify. They 
iire constantly referred to by their numerical designations in every almanack. 
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which reason they liavc been hitherto little attended to by 
astronomers. 

(550.) A reinarkablo relation subsists between the periodic 
times of the two intcvlor satellites of Saturn and those of the 
two next in order of distance; viz. that the period of the 
tliird (Tethvs) is double that of the first (Mimas), and that 
of tlie fourth (Dione) double that of the second (Enceladns). 
The coincidence is exact in either case to about one 800th 
part: of the larger period. 

(551.) The satellites of Uranus requive very powerful and 
perfect telescopes for their observation. Four are certainly 
known to exists to which (proceeding from without, inwards 
in succession) the names Oberon, Tittinia, Umbriel, and 
Ariel, of the fairies, sylphs, and gnomes of Shaksperc and 
Pope, have been assigned respectively. Of these Obejon 
<‘iud Titania are tolerably conspicuous in a reflec'ting telescope 
of 18 or 20 inches in aperture. They were discovered by 
Sir W. Ilerseh(d in 1787, and have since been rcobserved 
by tlie author of tliis work, and subsequently by Messrs. Las- 
sell, Otto Struve, and Uainont. Umbriel (a much fainter 
object) was also very probably seen by Sir W. llersclKil, 
and described by him as an interior satellite,*’ but his oh* 
servations of it were not sufficiently numerous and {)recise to 
place its existence, at that time, beyond question. It was 
rediscovered, however, by M. Otto Struve^, and observed 
subsequently, on numerous occasions, by ]\lr. Lassell, to wht)m 
we also owe tlic first discovery of Ariel f, as well as a fine 
series of observations and micrometrical measures of all four, 
obtained at his observatory at Liverpool and daring his re- 
sidence in Malta in 1852-3, which forms a remarkable epoch 
ju the history of astronomical observation. Three other 
satellites, one intermediate between Oberon and Titaiiia, the 
others exterior to both, W'Cre suspected by Sir W, Ilerschel, 
but their existence lias not been confirmed. The periods 
and distances of the four known satellites will be found iir 
the syiioptic table at the end of the volume. 


* October 8. 18^17. 


t Septemlxjr H. 18^7, 
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(552.) The orbits of these satellites offer remarkable, and, 
indeed, quite unexpected and unexampled peculiarities. Con- 
trary to the unbroken analogy of the whole planetary system 
— ^whetlier of primaries or secondaries — the planes of their 
orbits are nearly perpendicular to the ecliptic, being inclined 
no less than 78° 58' to that plane, and in these orbits their 
motions are retrograde ; that is to say, their positions, when 
projected on the ecliptic, instead of advancing froin west to 
east round the centre of their primary, as is the case with 
every other planet and satellite, move in the opposite direc- 
tion. Their orbits are nearly or quite circular, and they 
do not appear to have any sensible, or, at least, any rapid 
motion of nodes, or to have undergone any material change of 
inclination, in the course, at least, of half a revolution of 
their primary roiird the sun. When the earth is in the 
plane of their orbits, or nearly so, their apparent paths are 
straight lines or very elongated ellipses, in which case they 
become invisible, their feeble light being effaced by the 
superior light of the planet, long before they come up to its 
disc, so that the observations of any eclipses or occultations 
they may undergo is quite out of the question with our 
present telescopes. 

(553.) If the observation of the satellites of Uranus be 
difficult, those of Neptune, owing to the immense distance of 
that planet, may be readily imagined to offer still greater 
difficulties. Of the existence of two, discovered by Mr. Las- 
sell*, there can 'remain no doubt, having also been observed 
by other astronomers, both in Europe and America. Accord- 
ing to M. Otto Struve f the orbit of the first is inclined to the 
ecliptic at the considerable angle of 35^; but whether, as in 
the case of the satellites of Uranus, the direction of its 
motion be retrograde it is not possible to say until it shall 
have been longer observed. 

* On July 7th, 1847 (suspected in 1846). and August ! 4tli, 1850. 

t Astron. N;u*hr, No. C2D. from his own observation, September 1 1th to 
lleooniber 20th, 1847. 


B B 



370 


OUTLINES OF ASTRONOMY 


CHAPTER XL 

OF COMETS. 

lIREAT NUMBKE OF Il£COUI>ED COMETS. THE NUMBER OP THOSE 

UNKECOROKD PROBABLY MUCH GREATEK. GKNEIiAL DESCRIP- 

TION OF A COMET. — COMETS WITHOUT TAILS, OR WITH MORE 

THAN ONE. THEIR EXTREME TENUITY. THEIR PROBABLE 

STRUCTURE. MOTIONS CONFORMABLE TO THE LAW OF GRAVITY. 

— ACTUAL DIMENSIONS OF COMETS. PERIODICAL RETURN OF 

SEVERAL. — IT alley’s COMET. — OTHER ANCIENT COMETS PROBABLY 

PERIODIC. ENCKE'S COMET. Bf ELA’ s. FA YE’s. — LEXELl’S. DE 

Vico’s. BKORSEN’s. — PETEKS’S.— GREAT COMET OF 1843. i rs 

PROBABLE IDENTITY WITH SEVERAL OLDER COME I S. GRKA 1’ 

INTEREST AT PRESENT ATTACHED TO COMETARY ASTRONOMY, 

AND ITS REASONS. REMARKS ON COMET ARY OUBirS IN (^iENE)x'AL. 

GREAT COMETS, OF I8085 1861 AND 1862. 

(554.) The extraordinary aspect of comets, their rapid and 
seemingly irregular motions, tlie unexpected manner in which 
they often burst upon us, and tlie imposing magnitudes whicli 
they occasionally assume, have in all ages rendered them 
objects of astonislnncnt, not unmixed vvitli superstitious dn^ad 
to the uninstructed, and an enigma to tliose most conversant 
with the \vonders of creation and the operations of natural 
causes. Even now, that we have ceased to regard tlu^ir 
movements as irregular, or as governed by other laws than 
those which retain the planets in their orbits, their intimate 
KHture, and the offices they perform in the economy of our 
system, are as much unknown as ever. No distinct and 
satisfactory account has yet been rendered of those immensely 
voluminous appendages wliich they bear about with them, and 
which are known by the name of their tails, (though impro- 
perly, since they often precede them in their motions,) any 
more than of several other singularities which they present. 

(555.) The number of amiets which have been astro- 
nomically observed, or of which notices have been recorded 
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171 history, is very great, aniounting to several huralreds^ ; 
and when we coriskler tliat in the earlier ;iges of astronomy, 
and indeed in more rcceiit times, before the invention of the 
telescojie, only large and conspicuows ones ^verc noticed ; and 
that, since due attention has bec‘n paid to tlfe subject, 
scarcely a year luis passed witlioiit the observation of one or 
two of these bodies, and that sometiinos two and even three 
have appeared at once ; it will be easily supposed tliat their 
actual nuinber must be at least many thousands. M ultitudes, 
indeed, must escape all observation, by reason of their patlis 
traversing only tliat part of the heavens Avliieh is above tlic 
liorizon in the daytime. Comets so circumstanced can only 
liecome visible by the rare coincidence of a total eclijise of the 
sun, — a coincidence which happened, as related by Seneca, 
sixty-tw'o years befere Clirist, wdren a large (oinet was ac- 
tually obser ved very near the sun. Several, howcA cr, stand 
on record :is having been bright enongli to be seen vvitli the 
naked e}'e in the daytime, even at noon, and in bright sun- 
shine. Such w ere the comets of 1402, 1532, and 1843, and 
that of 43 B, c. wdiich appeared during the games celebrated 
by Augustus iu honour of A^crius shortly after the deatli of 
Ctesar, and wdiich the flattery of poets declared to be the 
soul of that hero taking its place among the divinities. 

(556.) That feelings of awe and astonishment should bo 
excited by the sudden and uuexpccte<l appearance of a great 
comet, IS no wmy surprising ; being, in fact, according to the 
accounts we haVe of such events, one of the most imposing 
of all natural pliaenomena. (comets consist for the most part 
of a large and more or less splendid, but ill defined nebulous 
mass of light, called the head, wdiich is usually much brighter 
towards its center, and offers the ajipearanee of a vivid nucleus^ 

See calalo^^ues in the Almagest of Riccioli ; I5ngre's (^.’ometographie i 
Delambre’s Astron. vol- iii. ; Astronomisclie Abhaiullungen, No. 1. (which 
contains the elements of all the orbits of comets which have been computed to 
the time of its publication, 1823); also a catalogue, by the Rev. T. J. Hussey. 
J-iOnd. & Ed. Pliil. Mag. vol. ii. No. f). e.tse,q. In a list cited by I.alande from 
the 1st vol. of the Tables de Berlin, 700 comets are enumerated. See also 
notices of the Astronomical Society and Astron- Nacbr. passim. A great ^ many 
of the more ancient comets are recorded in the Chinese Annals, and in some 
cases with sufficient precision to allow of the calculation of rudely approximate 
orbits from their motions so described. 

ft R 2 
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like a star or planet. From the head, and In a direction 
opposite to that in which the sun is situated from the cornet 
appear to diverge two streams of light, which grow broader 
and more diffused at a distance from the licad, and which 
most commonly close in and unite at a little distance be- 
hind It, but sometimes continue distinct for a great part of 
their course ; producing an effect like that of the trains left 
by some bright meteors, or like the diverging fire of a sky- 
rocket (only without sparks or perceptible motion). This is 
the tail. This magnificent appendage attains occasionally 
an Immense apparent length. Aristotle relates of the tail 
of the comet of 371 B, C-, that it occupied a third of the 
hemivsphere, or 60® ; that of A. ix 1618 is stated to have been 
attended by a train no less than 104® in length. The 
comet of 1680, the most celebrated of modern times, and 
on many accounts the most remarkable of all, with a 
head not exceeding in brightness a star of the second mag- 
nitude, covered with its tail an extent of more than 70® of 
the heavx'Tis, or, as some accounts state, 90® ; that of tlie 
comet of 1769 extended 97®, and that of the hx^t great comet 
(1843) w^as estimated at about 6o® when longest. The 
figure (y?//. 2., Plate II.) is a representation of the comet of 
1819 — by no means one of the most considerable, but which 
was, however, very conspicuous to the naked eye, 

(557.) The tail is, however, by no means an invariable 
appendage of comets. Many of the brightest have been 
observed to have short and feeble tails, and a few great 
comets have been entirely Avithout them. Those of 1585 
and 1763 offered no vestige of a tail; and Cassini describes 
tlie comets of 1665 and 1682 as being as rounds and as well 
dxifined as Jupiter. On the other hand, instances are not 
w anting of comets furnished witli many tails or streams of 
diverging light. That of 1744 had no less than six, spread 
out like an immense fan, extending to a distance of nearly 

* This tlescription, however, applies to the “ disc ”of tlie bead of these comets 
;een in a telescope. Cassini’s expressions are, “ aussi rond, anssi net, et aussi 
r <jue Jupiter,” (where it is to be observed that the latter epithet must l>y 
means be translated bri(/ht). To understand this passage fully, the readrr 
ist refer to the description given further on, of the “disc” of Halley’s comet, 
r its perihelion passage in 18 ,‘i.'>~C. 
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30"’ in length. The small comet of 1823 had two, making 
an angle of about 160°, , the brighter turned as usual from 
the sun, the fiiinter towards it, or nearly * 80 . The tails of 
comets, too, are often somewhat curved, bending, in general, 
towards the region which the comet has left, as if moving 
somewhat more slowly, or as if resisted in tlieir course. 

(558.) The smaller comets, such as are visible only in 
telescopes, or with difficulty by the naked eye, and wliich 
are by far the most numerous, offer very frc'qiiently no 
appearance of a tail, and aj>pear only as round or somewhat 
oval vaporous masses, more dense towards the centei', 
where, however, they appear to Iiave no distinct nucleus, or 
anything wliich seems entitled to be considered as a solid 
body. This was shown in a very remarkable manner in the 
case of the comet discovered by Miss Mitchell in 1847, which 
on the 5th of October in that year passed centrally over a star 
of the fifth magnitude: so centrally that with a magnifying 
power of 100 it was impossible to determine in which direc- 
tion the extent of the nebulosity was greatest. The star’s 
light seemed in no degree enfeebled ; yet such a star would 
be completely obliterated by a moderate fog, extending only 
a few yards from the surface of the earth. And since it is 
an observed fact, that even those larger comets which Iiave 
presented the appearance of a nucleus have yet exliibitcd 
no phases, though we cannot doubt that they shine by the 
reflected solar light, it follows that even these can only be 
regarded as great masses of thin vapour, susceptible of being 
penetrated through their whole substance by the sunbeams, 
and reflecting them alike from their interior parts and from 
their surfaces. Nor will any one regard this explanation 
forced, or feel disposed to resort to a phosphorescent quality 
in the comet itself, to account for the pluenornena in question, 
when we consider (what will be hereafter shown) the enor- 
iuous magnitude of the space thus illuminated, and the ex- 
tremely small mass which there is ground to attribute to 
these bodies. It will then be evident that the most un- 
substantial clouds which float in the highest regions of our 
atmosphere, and seem at sunset to be drenched in light, and 
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to glow throughout their whole depth as it in actual ignition, 
without any shadow or dark side, must be looked upon as 
dense and masslv/3 bodies compared with the filmy and all 
but spiritual texture of a comet. Accordingly, wlienevcr 
powerful telescopes have been turned on these bodies, tiiey 
have not failed to dispel the illusion which attributes soUditi/ 
to that more condensed part of the head, which appears to the 
naked eye as a nucleus ; though it is true that in some, a very 
minute stellar point has been seen, indicating the existence 
of something more substantial. 

(559.) It is in all probability to the feeble coercion of the 
elastic power of their gaseous parts, by the gravitation of so 
small a central mawss, that we must attribute this extra^ 
ordinary developement of the atmosplieres of (comets. If the 
earth, retaining its present size, w'ere reduced, by any 
internal change (as by hollowing out its centi’al parts) to one 
thousandth part of its actual mass, its coercive jjower ovra* 
the atmosphere would be diminished in the same pro[)()rtion, 
and in consequence tlie latter would expand to a thousand 
times its actual bulk ; and indeed much more, owing to the 
still farther diminution of gravity, by the recess of the upjjer 
j)arts from the center.*’ An atmospliere, liuvvevcj’, free to 
expand equally in all directions, woultl envel(>]>e the nucleus 
s{)herically, so that it becomes lu'cessary to admit the action 
of other causes to account for its enormous extension in the 
direction of the tail, — a sul>ject to which shall presently 
take occasion to recur, 

(560.) That the luminous part of a comet is something in 
the nature of a smoke, fog, or cloud, suspended in a trails- 
ptsrent atmosphere, is evident from a fact vvhicli lias been 
often noticed, viz. — that the portion of tlie tail where it 
comes closest to, and surrounds the head, is yet separated 
from it by an interval less luminous, as if sustained and kept 
off from contact by a transparent stratum, as we often see one 
layer of clouds over another with a considerable clear space 

* Newton hns calculated (Princ. Ilf. p. 512.) that a f^lobe of air of onli- 
<iensity at the earth’s surface, of one inch in diameter, if reduced U) the 
density duo to the altitude above the surtace of one radius of the earth, would 
occiipv a sphere exceeding in radius the orbit of Saturn. The tail of a g«o:it 
comet tlien, for aught we can tell, may consist of only a very few pounds or even 
ounces of matter. 
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hctweon. These, and most of the other facts observed in 
the history of comets, appear to indicate that the structure 
of a comet, as seen in section in the direction of its length, 
must be that of a hollow envelope, of a ])arabolic form, 
enclosing near its vertex the nucleus and head, something as 
represented in the annexed figure. This would account for 
the apparent division of the tail into two principal lateral 



branches, tlie envelope being oblique to the line of sight at 
its borders, and therefore a greater depth of illuminated 
matter being there exposed to the eye. In all probability, 
liowever, they admit great varieties of structure, and among 
them may very possibly be bodies of widely different j)hyslcal 
constitution, and there Is no doubt that one and the same 
comet at different epochs undergoes great changes, both in 
tlie dis 2 )Osition of its materials and in their pliysical state. 

(561.) We come now to speak of the motions of comets. 
These are apparently most irregular and capricious. Some- 
times they remain in ^ght only for a few days, at others for 
many months ; some move with ext reme slowness, others 
with oxtraordinary velocity; w^hile not niifrcquently, the 
two extremes of apparent speed are exhibited by the same 
comet in different parts of its course. The comet of 1472 
described an arc of the heavens of 40^ of a great circle* in 
a single day. Some pursue a direct, some a retrograde, and 
others a tortuous and very irregular course; nor do tl^^jy 
confine themselves, like the planets, within any certain region 
of the heavens, but traverse indifferently every part. Their 
variations in apparent size, during the time they continue 
visible, are no less remarkable than those of their velocity ; 
sometimes they make their first appearance as fiiint and slow 
moving objects, with little or no tail ; but by degrees ac- 

* 120*^ in extent in the former editions. But thi.s was the arc described in 
httnjifude^ and the comet at the time referred to had f^reut north latitude. 



376 


OUTLINES OF ASTRONOMY. 


celerate, enlarge, and throw out from them this appendage, 
which increases in length and brightness till (as always 
ha|)pen8 in such cases) they approach tlic sun, and are lost 
ill his beams. After a time they again emerge, on the 
other side,* receding from the sun with a velocity at first 
rapid, but gradually decaying. It is for the most part after 
thus passing the sun, that they shine forth in all their 
splendour, and tliat their tails acquire their greatest length 
and developement ; thus indicating plainly the action of the 
sun’s rays as the exciting cause of that extraordinary emana- 
tion. As they continue to recede from the sun, their motion 
diminislies and the tail dies away, or is absorbed into the 
head, which itself grows continually feebler, and is at length 
altogether lost sight of, in by far the greater number of cases 
never to be seen more. 

(562.) Without the clue furnished by the theory of gravi- 
tation, the enigma of tliese seemingly irregular and capricious 
movements might have remained for ever unresolved. But 
Newton, having demonstrated the possibility of any conic 
section whatever being described about the sun, by a body 
revolving under the dominion of that law, immediately per- 
ceived the applicability of the general proposition to the case 
of cometary orbits ; and the great corilet of 1 680, one of the 
most remarkable on record, both for tlie immense length of 
its tall and for the excessive closeness of its approach to the 
sun (within one sixth of the diameter of that luminary), 
afforded him an excellent opportunity for the trial of his 
theory. The success of the attempt was complete. He 
ascertained that this comet described about the sun as its 
focus an elliptic oi'blt of so great an excentricity as to be 
undistlnguishable from a parabola, (which is the extreme, or 
limiting form of the ellipse when the axis becomes infinite,) 
and that in this orbit the areas described about the sun were, 
as in the planetary ellipses, proportional to the times. The 
representation of the apparent motions of this comet by such* 
an orbit, throughout its whole observed course, was found 
to be as satisfactory as those of the motions of the planets 
in their nearly cdrcular paths. From that time it became 
a received truth, that the motions of comets are regulated 
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l>y the same general laws as tliose of the planets — the 
tlliTerence of the cases consisting only in the extravagjuit 
elongation of their ellipses, and in the absence of any limit 
to the inclinations of their planes to that of the ecliptic — or 
any general coincidence in the direction of their motions 
from west to east, rather than from east to west, like what is 
observed among the planets. 

(563.) It is a problem of pure geometry, from the general 
laws of elliptic or parabolic motjou, to find the Ksituation and 
dimensions of the ellipse or parabola which shall represent 
tlic motion of any given comet. In general, three complete 
observations of its right ascension and declination, with the 
times at which they were made, suffice for the solution of 
this problem, (which is, however, by no means an easy one,) 
and for the determination of the elements of the orbit, 
'riiese consist, mntatis mutandis, of the same data as arc re- 
([uired for the computation of the motion of a planet ; (that 
is to say, the longitude of the perihelion, that of tlie ascend- 
ing node, the inclination to the ecliptic, the semiaxis, excen- 
tri<dty, and time of perihelion passage, as also whether the 
motion Is direct or retrograde ;) and, once determined, it 
becomes very easy to compare thetn with the whole observed 
course of the comet, by a process exactly similar to that of 
art. 502., and thus at once to ascertain their correctness, 
and to put to the severest trial the truth of those general 
laws on which all such calculations are founded. 

(564.) For the most part, it is found that the motions of 
comets may be sufficiently well represented by parabolic 
orbits, — that is to say, ellipses whose axes are of infinite 
length, or, at least, so very long that no appretiable crjor 
in the calculation of tlieir motions, during all the time they 
continue visible, would be incurred by supposing them actually 
infinite. The parabola is that conic section which is the 
limit between the elli])se on the one hand, which returns 
’ into itself, and the hyperbola on the other, whicli runs out 
to infinity. A comet, therefore, which should desc'ribc an 
elliptic path, however long its axis, must have visited the 
sun before, and must again return (unless (Jisturbeil) in some 
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determinate period, — but should its orbit be of the hyperbolic 
character, when once it had passed its perihelion, it could 
never more return ^within the sphere of our observation, but 
must run off to visit other systems, or be lost in the immensity 
of space. There is no instance of a comet whose orbit Iris 
been very carefully calculated by more than one comjailist 
being proved to have described a hyperbola, though several 
have been suspected of doing so.* Many have been well 
ascertained to move in ellipses. Tliese latter, in so far as 
their orbits can remain unaltered by the attractions of the 
jdanets, must be regarded as permanent members of our 
system. 

(565.) We must now vsay a few Avords on the actual di- 
mensions of comets. The calculation of the diameters of 
their heads, and tlie lengths and breadths of their tails, offers 
not the slightest difficulty Avhen once the elements of their 
orbits are known, for by these v/e know their* real distances 
from the eartli at any time, and the true direction of the tail, 
vvliich we see only foreslxortencd. N o w calculations instituted 
on these prinei])l(\s lead to the surprising fact, that the comets 
are by far the most voluminous bodies in our system. The 
foIloAving are tJie (riineiisioiis of some of those which have 
been made the subjects of such enquiry. 

(566.) The tail of the great comet of 1680, Immediately 
a>fter its jierihelion passage, Avas found by Newton to have 
been no less than 20000000 of leagues In length, and to have 
occupied only tAVo da,ys ui its emission from the comet’s body ! 
a decisive pixxxf this of its being darted forth by some active 
force, the origin of which, to judge, from the direction of the 
tai|, must be sought iii the sun itself. Its greatest length 
luuounted to 41000000 leagues, a length much exceeding the 
whole interval between the sun and earth, d’ho tail of the 
comet of 1769 extended 16000000 leagues, and that of the 
great comet of 1811, 36000000. The portion of the head of 
this last, comprised Avithin the transparent atmospheric en- 
velope which separated it from the tail, Avas 180000 leagues 

* I'or example*, that of 17213, calculated by Burckhardt ; that of 1771, by both 
Burckhaidt aud Eiurke ; and the second comet of 1818, by Uosciiberg and 
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in diameter. It is luirdly conceivable^ tliat matter once pro- 
jected to such enormous distances wshould ever l»e collected 
again by the feeble attrfiction of such a body as a comet — a 
consideration which accounts for the surmised progressive 
diniinution of the tails of such as have been* frequently 
observed. 

(567.) The most remarkable of those comets which have 
been ascertained to move in elliptic orbits is that of Hallev, 
so called from the celebrated Edmund Halley, wdio, on cal- 
culating its elements from its perihelion passage in 1682, 
when it appeared in great splendour, with a tail 30® in 
length, was led to conclude its identity witli the great 
comets of 1531 and 1607, whose elements he had also 
ascertained. The intervals of these successive apparitions 
being 75 and 76 years, Halley w^as encouraged to predict 
its reappearance about the year 1759. So remarkable a 
prediction could not fail to attract tlie attention of all as- 
tronomers, and, as the time approached, it became extremely 
interesting to know whether the attractions of the larger pla- 
nets miglit not materially interfere with its orbitual motion. 
The computation of their inlliience from the Newtonian law 
of gravity, a most difiicult and intricate piece of calculation, 
was imdertaken and accomj dished by Clairaut, who found 
that the action of Saturn would retard its return by lOf) 
days, and that of Jupiter by no less than 518, making in all 
618 days, by which the expected return would happen later 
than on tlie supposition of its retaining an unrdtered period, — 
and that, in short, the time of the expected pei ihelloti passage 
would take place within a month, one way or other, of the 
middle of April, 1759, — It actually happened on the 12tli 
of Marcli in that year. Its next return was calculated^ by 
several eminent geometers^, and fixed successively for tlie 
4th, the 7th, the I Ith, and the 26th of Js^ovember, 1835 ; 
the two latter determinations appearing entitled to the 
higher degree of (‘onfidence, owing partly to the more com- 
plete discussion bestowed on the observations of 1682 and 


Dainoiseau, PonWcoulant, Uosenberger, aful Li?hmann. 
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1759, and partly to tlie continually improving state of our 
knowledge of the methods of estimating the disturbing effect 
of the several planets. The last of these predictions, that of 
M. Lehmann, was published on the 25th of July. On the 
5th of Auglist the comet first became visible in the clear 
atmosphere of Koine as an exceedingly faint telescopic 
nebula, within a degree of its place as predicted by M. 
Rosenberger for that day. On or about the 2()th »of Au- 
gust it became generally visible, and, pursuing very nearly 
its calculated path among the stars, passed its perihdlion on 
the 16th of November; after which, its course carrying 
it south, it ceased to be visible in Europe, though it continued 
to be conspicuously so in the southern hemisphere throughout 
February, March, and April, 1836, disappearing finally on 
the 5th of May. 

(568.) Although the appearance of this celebrated comet 
at its last apparition was not such as might be reasonably 
considered likely to excite lively sensations of terror, even in 
superstitious ages, yet, having been an object of the most 
diligent attention in all parts of the world to astronomers, 
furnished with telescopes veiy far surpassing in power those 
which had been applied to it at its former appearance in 1759, 
and indeed to any of the greater comets on record, the 
opportunity thus afforded of studying its physical structure, 
and the extraordinary phaenomena which it presented when 
so examined have rendered this a memorable epoch in cometic 
history. Its first appearance, while yet very remote from the 
sun, was that of a small round or somewhat oval nebula, 
quite destitute of tail, and having a minute point of more 
eonpentrated light excentrically situated within it. It 
was not before the 2d of October that the tail began to be 
developed, and thenceforward increased pretty rapidly, being 
already ^ or 5° long on the 5tli. It attained its greatest 
apparent length (about 20^) on the 15th of October. From 
that time, though not yet arrived at its perihelion, it decreased 
with such rapidity, that already on the 29th it was onl}" 3^ 
and on November the 5th 21"* in length. There is every 
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reason to believe tint before the penlicHon^ the tail had 
altogether disappeared, as, though it continued to be observed 
at Pulkowa up to tlie very day of its perilielion pasbage, no 
mention whatev er is made of any tail being then seen. 

(569.) By far the most striking phamomena, however, i b' 
served in tliis part of its career, were those wliich, coinniencing 
shnultancoiisly with the growth of the tail, connected them- 
selves evidently with the production of that appendage and 
its projection from the head. On the 2d of October (the 
very day of the first observed commencement of the tail) 
the nucleus, which liad been faint and small, was observed 
suddenly to have become much brighter, and to be in the act 
of throwing out a jet or stream of light from its anterior jiart, 
or that turned towards the sun. This ejection after ceasing 
awhile was resvmied, and with much greater apparent violence, 
on the 8 til, and continued, with occasional intcrmittenccs, so 
long as the tail itself continued visible. Both the form of 
this luminous ejection, and the direction in which it issued 
from the nucleus, meanwhile underwent singular and capri- 
cious alterations, tlie diiferent phases succeeding each otlicr 
with such rapidity tliat on no two successive nights were tlio 
appearances alike. At one time the emitted jet was siiigh^ 
and confined within narrow limits of divergence from tlui 
nucleus. At others it presented a fan-shaped or swallow- 
tailed foriii, analogous to that of a gas-flame issuing from a 
flattened orifice : while at others again two, three, or even 
more jets were darted forth In different directions.^ (See 
figures Uy by Cy dy plutc L fig 4., which x'epresent, highly mag- 
nified, the appearances of the nucleus with its jets of light, 
on the 8th, 9th, 1 0th, and 12th of October, and in whicli^the 
direction of the anterior portion of the head, or that fronting 
tlie sun, is supposed alike in all, viz. towards the uj)per part 
of the engraving. In these representations the head itself 
is omitted, the scale of the figures not permitting its intro- 
duction: e represents the nucleus and head as seen October 

• See the exquisite lithographic representations of these phenon)ejia by liessel. 
Astron. Naeijr. No and the fine series by Schwahe in No. 297. of that 

collection, as also the magnificent drawings of Struve, fioin which onr figures a. 
l», c. d, are copied. 
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9th on a less scale.) The direction of the principal jet was 
observTxl rncaiiwlfilo to oscillate to and fro on either side of 
a line directed to the wSiin in the manner of a cornpa.-s-nce<lh' 
when thrown into vil)ratioii and oscillating about a tuean 
position, tlic change of direction 1)clng conspicuous even troni 
hour to hour. TJieso jets, though very bright at their point 
of emanation from the nucleus, faded rapidly away, anvl 
became dilfuscd as they expanded into the coma, at the same 
time curving backwards as streams of steam or smolm would 
do, if tlirown out from narrow orifices, more or less oblicpiely 
in opposition to a powerful wiiui, against which tljcy were 
unable to make way, and, ultimately yielding to its force, so 
as to be drifted back and confounded in a vaporous train, 
following the general direction of the ciiiTcnt. '^' 

(570.) lieflecting on these plnenomena, and carefully con- 
sivicriug tlie evidence aftbrded by the numerous and elabo- 
rately executed drawings which have been placed on record 
by observers, it seems impossible to avoid the following con- 
elusions. 1st. That the matter of the nucleus of a comet is 
powerfully excited and dilated into a vaporous state by the 
action of the sun's rays, cscaiping in streams and jets at those 
points of its surface which. op])Ose the least resistance, and in 
all probal)ility throwing that surface or the nucleus Itself into 
irregular motions by its reaction in the act of so escaping, 
and tlius altering its direction. 

2dly. That this process chiefly takes place in that portion 
of the nucleus whicli is turned towards the sun ; the vapour 
csca])ing chiefly in tliat direction. 

3dly. That wlieii so emitted, it is prevented from proceeding 
in «,the direction originally impressed upon it, by some force 
directed from the sun, dnftiiig it back and carrying it out to 
vast distances behind the nucleus, forming the tail or so much 
of the tail Jis can be considered as consisting of material 
substance. 

4thly. That this force, whatever its nature, acts unequally " 

* On this point Sch^vahe‘’s and Bessers drawings are very express and un- 
equivocal. Struve’s attention seems to have been more especially ilirected to the 
• criitiny of the micleiis. 
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on tlic materials of the comet, the greater portion remaining 
iin vaporized, and a considerable j>art oi‘ llie vapour actually 
jyrodiiced, remaining in its neighbourhoods forming the liead 
and coma. 

othly. Idiat tlie force thus acting on tlie materials of the 
tail caiuiot possibly be identical with the ordinary gravitation 
of matter, being centrifugal or repulsive, as ros[)ccts the sun, 
and of an energy very far exceeding the gravitating force 
towards that luminary. This will be evident if we consider 
the enormous velocity with which the matter of the tail is 
carried backwards, in opposition both to the motion which it 
had as part of the nucleus, and to that which it accpiired in 
the act of its emission, both wdiich motions have to be 
destroyed in the first instance, before any movement in the 
contrary direction can be impressed. 

Gthly, That unless the matter of the tail thus repelled 
from the sun be retained by a peculiar and higlily energetic 
attraction to the nucleus, dllicnng Iroin and exceptional to 
tlie ordinary power of gravitation, it must leave the nucleus 
altogether ; being in elFect carried far beyond tlie coercive 
power of so feeble a gravitating force as would correspond to 
the minute mass of the nucleus ; and it is therefore veiy 
conceivable that a comet may lose, at every apjiroach to the 
sun, a portion of that peculiar inattcr, whatever it be, on whidi 
the production of its tail dci>cnds, the remainder being of 
course less excitable by the solar action, and more impassive 
to Ins rays, and tlierel'ore, jiro tanto^ more nearly approximating 
to the nature of the plan8t«ary bodies, 

7tldy. Tliat considering the immense distances to which 
at least some portion of the matter of the tail is carried fyim 
the comet, and the way in which it is dispersed through the 
system, it is quite inconceivable that the whole of that matter 
should be reabsorbed — that therefore it must lose during its 
jierihelion passage some portion of its matter, and if, as would 
seem fiir from improbable, that matter should be of a nature 
to be repelled from, not attracted by, the sun, the remainder 
will, by consequence, be,/>ro quantitate imrtim^ more energeti- 
cally attracted to the sun than the mean of both. If then 
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the orbit be elliptic, it will perforin each successive revolution 
in a shorter time than the preceding, until, at length, the 
whole of the repulsive matter is got rid of — But to return 
to the comet of Halley. 

(571.) After the perihelion passage, the comet was lost 
sight of for upwards of two months, and at its reappearance 
(on the 24th of January, 1836) presented itself under quite 
d different aspect, having in the interval evidently undergone 
some great pliysical change which had operated an entire 
transformation in its appearance. It no longer presented 
any vestige of tail, but appeared to the naked eye as a hazy 
star of about the fourth or fifth magnitude, and in powerful 
telescopes as a small, round, well defined disc, rather more 
than 2' in diameter, surrounded with a nebulous ckevelure or 
coma of much greater extent. Within the disc, and somewhat 
excentrically situated, a minute but bright nucleus appeared, 
from which extended towards the postei ior edge of the disc 
(or that remote from the sun) a short vivid luminous ray. 
(See fig. 1. pi. VI.) As the comet receded from the sun, 
the coma speedily disappeared, as if absorbed into the disc, 
which, on the other hand, increased continually in dimensions, 
and that with such rapidity, that in the week elapsed from 
January 25th to February 1st (calculating from micrometrical 
iiieasures, and from the known distance of the comet from 
the earth on those days), the actual volume or real solid con- 
tent of the illuminated space had dilated in the ratio of 
upwards of‘4() to 1.* And so it continued to swell out with 
undiminislied rapidity, until, from this cause alone, it ceased 
to he visible, the illumination becoming fainter as tlie mag- 
ni^^pde increased; till at length the outline became undistin- 
guishable from simple want of light to trace it. While this 


On the night of the 2f2iid of January the comet was oliserved by M. Bogu^* 
lawski of Breslau, as a star of the siitth magnitude, a bright concentrated point, 
which showed no disc with a magnifying power of 140, and that it actually was 
the comet he assured himself by turning his telescope the next night on the ]>lf»ce 
wliere lie saw it (which he had carefully noted and registered). It was gone. 
From his observation it appeals then that at 17** 50“ M. T. at Breslau, Jan. 
the diameter of the nucleus with its envelope was rigorously niV, at which 
moment, within an hour otic way or the other, the process of forniatiou of the 
envelope must have comnience<l 
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increase of dimension proceeded, the form of the disc passed, 
by gradual and successive additions to its length in the direc- 
tion opposite to the sun, to tliat of a paraboloid, as represented 
in fj fig. plate VL, the anterior curved portion preserving its 
planetary sharpness, but the base being faint and ill-defined. 
It is evident that had this process continued with sufficient 
light to render tlie result visible, a tail would have been 
nllirnately reproduced ; but the increase of dimension being 
accompanied \vith diminution of brightness, a short, im- 
perfect, and as it were rudimentary tail only was formed, 
visible as such for a few nights to the naked eye, or in a low 
magnifying telescope, and that only wlicn the cornet itself 
had begun to fade away by reason of its increasing distance. 

(572.) While the parabolic envelope w^as thus continually 
dilating and growing fainter, the nucleus underwent little 
change, but the ray proceeding from it increascMl in length 
and comparative brightness, preserving all the time its direc- 
tion along the axis of the paraboloid, and offering none 
of those irregular and capricious phaenomena which charac- 
terized the jets of light emitted anteriorly, previous to tlie 
perihelion. If the office of those jets was to feed the tail, 
tlie converse office of conducting back its successively con- 
densing matter to the nucleus would seem to be that of 
the ray now in question. By degrees this also faded, and 
the last api)carance presented by the comet was that which 
it offbi’ed at its first a{>pcarance in August; viz. that of a 
small round nebula with a bright j>oInt in or near the center. 

(573.) Besides tlie comet of Halley, several other of the 
groat comets recorded in history have been Liirmised with 
more or less probability to return periodically, and therefore 
to move in elongated ellipses around the sun. Such is thfi 
great comet of 1680, whose period is estimated at 575 years, 
and which has been considered, with at least a high primd facie 
probability, to be identical with a magnificent comet observed 
at Constantinoi)le and in Palestine, and referred by con- 
temporary historians, both European and Chinese, to the year 
a.d. 1106; with that of A.D. 531, which was vseen at noon- 
day close to the sun; with the comet of 43 n, c., already 

c c 
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spoken of as liaving appeared after the death of Csesar, and 
which was also observed in the day-time ; and finally with 
two other comets, mention of which occurs in the Sibylline 
Oracles, and in a’passage of Homer, and which are referred, as 
well as the obscurity of chronology and the indications them- 
selves will allow, to the years 618 and 1194 B, C. It is to 
the assumed near approach of this comet to the earth about 
the time of the Deluge, that Whiston ascribed that over- 
whelming tide-vvave to whose agency his wild fency ascribed 
that great catastrophe — a speculation, it is needless to remark, 
purely visionary. These coincidences of time are certainly 
remarkable, especially when it is considered how very rare 
are the appearances of comets of this class. Professor Enckc, 
however, has discussed, with all possible care, the observations 
recorded of the comet of 1680, taking into consideration the 
perturbations of the planets (which are of trifling importance, 
by reason of tlic great inclination of Its orbit to the ecliptic), 
and his calculations show that no elliptic orbit, with such a 
period as 575 years, is competent to represent them within 
any probable or even possible limits of error, the most pro- 
bable period assigned by them being 8814 Julian years. 
Independent of this consideration, there are circumstances 
recorded of the comet of a.d. 1106 incompatible with its 
motion ill any orbit identical with that of tlie comet of 1680, 
so that the idea of referring all these phienomena to one and 
the same comet, hov/ever seducing, must be relinquished. 

(574.) Another great comet, whose rotura about the year 
1848 had been considered by more than one eminent authority 
in tins department of astronomy * highly probable, is that 
of 1556, to the terror of whose aspect some historians have 
attributed the abdication of the Emperor Charles V. This 
comet is supposed to be identical with that of 1264, men- 
tioned by many historians as a great comet, and observed 
also in China, — the conclusion in this case resting upon 
the coincidence of elements calculated on the observations, 
such as they are, which have been recorded. On the 


♦ Pingre, Coinetograpbie, i. 411 ; Lalande, Astr. 3J85 
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subject of this coincidence Mr. Hind has entered into 
many elaborate calculations, the result of which is strongly 
in favour of the supposed identity. This probability is 
farther increased by the fact of a comet, with a tail of 40'^ 
and a head bright enough to be visible after sunrise, having 
appeared in A. D. 975: and of two others having been re- 
corded by the Chinese annalists in a. D. 395 and 104. It 
is true that if these be the same, the mean period would 
be somewhat short of 292 years. But the effect of jdanetary 
perturbation might reconcile even greater differences, and 
though up to the time of our writing (1858) no such cornet 
has yet been observed, two or three years must yet elapse, 
in the opinion of those best competent to judge, before its 
return must be considered hoj)eless. 

(575.) In 1661, 1532, 1402, 1145, 891, and 243 great 
comets appeared — that of 1402 being bright enough to be 
seen at noon day. A period of 129 years would conciliate 
all these appearances, and should have brought back the 
comet in 1789 or 1790 (other circumstances agreeing), 
'riiat no such comet was observed about that time is no 
proof that it did not return, since, owing to the situation 
of its orbit, had the perihelion passage taken place in July 
it iniglit have escaped observation, Mechain, Indeed, from an 
elaborate discussion of the observations of 1532 and 1661, came 
to the conclusion that these comets were not the same ; but 
the elements assigned by Olbers to the earlier of them differ 
so widely from those of Mechain for the same comet on the 
one hand, and agree so well with tliose of the last named 
astronomer for the otlier that we are perhaps justified in 
regarding the question as not yet set at rest 

(576.) We come now, however, to a class of comets of 
short period, respecting whose return there is no doubt, in- 
asmuch as two at least of them have been identified as 
having performed successive revolutions round the s^n ; have 
h^d their return predicted ah'eady several times ; and have 
on each occasion scrupulously kept to their appointments. 


♦ See SeIiuTTiacher*.s Catal. Astron, Abbaiull, i. 
C C 2 
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The first of these is the comet of Eiicke, so called from 
Professor Encke of Berlin, who first ascertained its periodical 
return. It revolves in an ellipse of 'great eccentricity (though 
not comparable to that of Halley’s), the plane of which is in- 
clined at ‘an angle of about 1 3® 22' to the plane of the ecliptic, 
and in the short period of 1211 days, or about 3^ years. This 
remarkable discovery was made on the occasion of its fourth 
recorded appearance, in 1819. From the ellipse then cal- 
culated by Encke, its return in 1822 was predicted by him, 
and observed at Paramatta, in New South Wales, by M. 
Eiimker, being invisible in Europe : since which it has been 
re-predicted and re-observed in all the principal observatories, 
both in the northern and southern hemispheres, as a phaj- 
noinenon of regular occurrence. 

(577.) On comparing the intervals between the successive 
perihelion passages of this comet, after allowing in the most 
careful and exact manner for all the disturbances due to the 
actions of the planets, a very singular fact has come to light, 
viz. that the periods are continually diminishing, or, in other 
words, the mean distance from the sun, or the major axis of 
the ellipse, dwindling by slow and regular degrees at the rate 
of about 0^* 11 17() per revolution. This is evidently the effect 
which would be produced by a resistance experienced by the 
comet from a very rare ethereal medium pervading the regions 
in which it moves; for such resistance, by diminishing its 
actual velocity, would diminish also its centrifugal force, and 
thus give the sun more power over it to draw it nearer. 
Accordingly this is the solution proposed by Encke, and at 
present generally received. Should this be really the case, 
it will, therefore, probably fall ultimately into the sun, should 
ft not first be dissipated altogether, — a thing no way improb- 
able, when the lightness of its materials is considered. The 
considerations adduced at the end of art. 570. would seem, 
however, to open out another possible explanation of the 
phaenomenon in question, not necessarily leading to such 
a catastrophe. 

(578.) By measuring the apparent magnitude of this comet 
at different distances from the sun, and thence, from a know- 
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Indge of its actual distance from the earth at the time, con- 
clutling its real volume, it has been ascertained to contract 
in bulk as it approaches to, and to expand as it recedes 
from, that luminary. M. Valz, who was the first to notice 
this fact, accounts for it by supposing it to undergo a real 
compression or condensation of volume arising from the 
pressure of an sethereal medium which he conceives to grow 
more dense in the sun’s neighbourhood. But such an hypo- 
thesis is evidently inadmissible, since it would require us to 
assume the exterior of the comet to be in the nature of a skin 
or bag impervious to tine compressing medium. The phje- 
nomenon is analogous to the increase of dimension above 
described, as observed in the comet of Halley, when in the 
net of receding from the sun, and is doubtless referable to a 
similar cause, viz. the alternate conversion of evaporable 
matter into the states of visible cloud and invisible gas, by 
the alternating action of cold and lieat. This cornel has no 
tail, but offers to the view only a small ill-defined nucleus, 
excentrically situated within a more or less elongated oval 
mass of vapours, being nearest to that vertex which is 
towards the sun. 

(579.) Another comet of short period is that of Bielay so 
called from M. Biela, of Josephstadt, who first arrived at this 
interesting conclusion on the occasion of its appearance in 
1826. It is considered to be identical with comets which 
appeared in 1772, 1805, &c.,and describes its very excentric 
ellipse about the sun in 2410 days, or about 6| years ; and in 
a plane inclined 12® 34' to the ecliptic. It appeared again, 
according to the prediction, in 1832 and in 1846. Its orbit, 
by a remarkable coincidence, very nearly intersects that of the 
earth ; and had the latter, at' the time of its passage in 1832, 
been a month in advance of its actual place, it would have 
passed through the comet, — a singular rencontre, perhaps 
not unattended with danger.* 

* Should calculation establish the fact of a resistance experienced also by this 
cornet, the subject of periodical comets will assume an extraordinary degree of 
interest. It cannot be doubted that many more will be discovered, and by 
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(580.) This comet is small and hardly visible to the naked 
eye, even when brightest. Nevertheless, as if to make up 
for its seeming insignificance by the interest attaching to it 
in a physical point of view, it exhibited at its appearance 
in 1846, a pluenomenon which struck every astronomer with 
amazement, as a thing without previous example in the 
history of our system.^ It was actually seen to separate 
itself into two distinct comets, wliich, after thus parting 
company, continued to journey along amicably through an arc 
of upwards of 70^ of their apparent orbit, keeping all the 
while Avithin the same field of vicAV of the telescope pointed 
tOAvards them. The first indication of something unusual 
being about to take place might be, perhaps, referred to the 
1 9th of December, 1845, when the comet appeared to Mr. Hind 
pear-shaped, the nebulosity being unduly elongated in a di- 
rection inclining north w\ard. But on the 13tli of January, 
at Washington in America, and on the 15th and subsequently 
in every part of Europe, it was distinctly seen to have become 
double ; a very small and faint cometic body, having a nucleus 
of its own, being observed appended to it, at a distance of about 
2' (in arc) from its center, and in a direction forming an angle 
of about 328^ Avith the meridian, running northwards from the 
principal or original comet (see art. 204). From this time the 
separation of the two comets went on progressively, though 
slowdy. On the 30th of January, the apparent distance of 


their resistance questions will come to be decided, such as the following: AA-hat 

is the law of density of the resistin'^ medium which surrounds the sun? Is it 
at rest or in motion ? If ihe latter, in what direction does it move? Circularly 
round tlie sun, or traversing space ? If circularly, in what plane ? It is obvhnis 
that a circular or vorticose motion of the ether would accelerate some comets and 
retmsd others, according as their revolution was, relative to such motion, direct 
or retrograde. Supposing the neighbourhood of the sun to be filled with a 
material fluid, it is not conceivable that the circulation of the planets in it for 
ages should not have impressed upon it some degree of rotation in their own 
direction. And this may preserve them from the extreme elfcets of accumulated 
resistance. — Note to edition of 1 8:{3. 

♦ Perhaps not quite so. To say nothing of a singular surmise of Kepler, 
that two great comets seen at once in J618, might be a single comet separated into 
two, the tollowing passage of Hevelius cited by M. Littrow (Nachr. 564.) does 
really .seem to refer to some pluTenoinenon bearing at least a certain analogy to it. 

111 ipso disco/* he says (Cometographia, p. 326.) ** quatupr vel quinqfie corpus 
eulu qua'dam sive nucleos rcliquo corpore aliquanto densiores ostendebat.** 



DOUBLE COMET OF BIEL. A, 


3D1 


the nucleus had increased to 3', on the 7th of February to 4', 
and on the 13tli to 5 \ and so on, until on the 5th of March 
the two comets were separated by an interval of 9 ' 19^', the 
apparent direction of the line of junction all the while varying 
but little with respect to the parallel.* 

(581.) During this separation, very remarkable changes were 
observed to be going on, both in the original comet and its 
companion. Both had nuclei, both had short tails, parallel in 
direction, and nearly perpendicular to the line of junction, but 
whereas at its first observation on January 13 th, the new comet 
was extremely small and faint in comparison with the old, the 
differeiice both in point of light and apparent magnitude di- 
minished. On the lOtli of February, they were nearly equal, 
althougli the day before the moonlight had effaced the new one, 
leaving the other bright enough to be well observed. On the 
14th and 16th, however, the new comet had gained a decided 
superiority of light over the old, presenting at the same time 
a sharp and starlike nucleus, compared by Lieut. Maury to a 
diamond spark. But this state of things was not to continue. 
Already, on the 18th, the old comet liad regained its supe- 
riority, being nearly twice as bright as its companion, and 
offering an unusually bright and starlike nucleus. From 
this period the new companion began to fade away, but 
continued visible up to the 15th of March, On the 24th the 
comet appeared again single, and on the 22nd of April both 
had disappeared. 

(582.) While this singular interchange of light was going 
forwards, indications of some sort of communication between 
the comets were exhibited. The new or companion comet, 
besides its tail, extending in a direction parallel to that of t^ie 
other, threw out a faint arc of light which extended as a 
kind of bridge from the one to the other ; and after the resto- 
ration of the original comet to its former preeminence, it, on 
its part, threw forth additional rays, so as to present (on the 
22nd and 23rd February) the appearance of a comet with 

* By far tlie greater portion of this increase of apparent distance was due to 
the comeCs increased proximity to the earth. The real increase reduced to a 
distance ssl of the comet was at the rate of about 3^' per diem. 
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tiiree faint tails forailng angles of about 120"^ with each other, 
one of which extended towards its companion. 

(583.) Professor Plantarnour, director of the observatory 
of Geneva, having investigated the orbits of both these 
comets as separate and independent bodies, from the exten- 
sive and careful scries of observations made upon them, ar- 
rived at the conclusion that the Increase of distance between 
the two nuclei, at least during the interval from February 1 ^th 
to March 22ud^ was simidy apparent, being due to the va- 
i-iatlon of distance from the earth, and to the angle under 
which their line of junction presented itself to the visual ray; 
the real distance during all that interval (neglecting small 
tractions) having been on an average about thirty-nine times 
the semi-diameter of the earth, or less than two-thirds the 
distance of the moon from its center. From this it would 
appear that already, at this distance, the two bodies had 
ceased to exercise any perceptible amount of perturbative 
gravitation on each other ; as, indeed, from the probable 
minuteness of cometary masses we might reasonably expect. 
It may well be supposed that astronomers would not allow 
so remarkable a duplication to pass un watched at the next 
return of the cornet in 1852. In August and September of 
that year both nuclei were observed by Professor Challis at 
Cambridge, Secchi at Rome, and JM. Struve, presenting, as 
regards direction, the same relative situation with regard to 
each other, so that vve have here the historical proof of a per- 
manent addition to the members of our system taking place 
at a definite instant under our very eye.* (PL VL, fig. 2.) 

(584.) A third comet, of short period, has been added to 
ou|; list by M. Faye, of the observatory of Paris, who de- 
tccied it on the 22d of November, 1843. A very few ob- 
servations sufficed to show that no parabola would satisfy 
the conditions of its motion, and that to represent thorn com- 
pletely, it was necessary to assign to it an elliptic orbit of 
very moderate excentricity. The calculations of M. Nicolai, 

• According to the elements of this comet deduced by M. Santini, taking 
into account all planetary porturbation, its two heads ought to have passed 
their perihelion on January y? and January 29, respectively, 186G. Its ap- 
pearance was anxiously and pcrsevcringly looked for, but in vain ; nor has any 
probal^le cause been assigned for its disappearance ! 
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subsequently revised and slightly corrected by M. Leverrler. 
have shown that an almost perfect representation of its mo- 
tions during the whole period of its visibility would be 
afforded by assuming it to revolve in a period of 2717*^‘68 
(or somewhat less than 7^ years) in an ellipse whose excen- 
tricity is 0*55596^ and inclination to the ecliptic 11^22' 31"; 
and taking this for a basis of further calculation, and by 
means of these data and the other elements of the orbit 
estimating the effect of planetary perturbation during the 
revolution now in progress, he fixed its next return to the 
perihelion for the 3d of April, 1851, with a probable error 
one way or other not exceeding one or two days. This 
prediction has been strikingly verified. It actually passed 
its perihelion on the 1st of April, 1851, having been re- 
discovered by Professor Challis at Cambridge in November, 
1850, and followed beyond the perihelion by M. Otto Struve 
up to March 4. 1851. 

(585.) The effect of planetary perturbation on the molion 
of comets has been more than once alluded to in wliat has 
been above said. Without going minutely into this part of 
the subject, which will be better understood after the jjerusal 
of a subsequent chapter, it must be obvious, that as the 
orbits of comets are very excentric, and inclined in all sorts 
of angles to the ecliptic, they must, in many instances, if not 
actually intersect, at least pass very near to the orbits of 
some of the planets. We have already seen, for instance, 
that the orbit of Biela’s comet so nearly intersects that of the 
earth, that an actual collision is not impossible, and indeed 
(supposing neither orbit variable) must in all likelihood happen 
in the lapse of some millions of years. Neither are instances 
wanting of comets having actually api)roacbed the ea1*th 
within comparatively short distances, as that of 1770, which 
on the 1st of July of that year was within little more than 
seven times the moon’s distance. The same comet, in 1767, 
passed Jupiter at a distance only one 58th of the radius 
of that planet’s orbit, and it has been rendered extremely 
probable that it is to the disturbance its former orbit under- 
went during that appulse that we owe its appearance within 
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our own range of vision. This exceedingly remarkable 
comet was found by Lexell to describe an elliptic orbit with 
an excentricity of 0*7858, with a periodic time of about 
five years and a half, and in a plane only 1® 34' inclined to 
the ecliptic, Iiaving passed its perihelion on the 13th of 
August, 1770. Its return of course was eagerly expected;, 
but in vain, for the comet has never been certainly identified 
with any comet since seen. Its observation on its first re- 
turn in 1776 ^vas rendered impossible by the relative situ- 
ations of tlie perihelion and of the earth at the time, and 
before another revolution could be accomplished (as has since 
been ascertained), viz. about the 23d of August, 1779, by 
a singular coincidence it again approached Jupiter wilhin 
one 491st part of its distance from the sun, being nearer to 
that planet by one fifth Ilian its fourtli satellite. No wonder, 
therefore, that the planet^s attraction (wliich at that distance 
would exceed tliat of the siua in the proportion of at least 
200 to 1) should completely alter the orbit and deflect it 
into a curve, not one of whose elements would have tlie least 
resemblance to those of the ellipse of Lexell. It is worthy 
of notice that by this rencontre with the system of Jupiter’s 
satellites, none of their motions suffered any perceptible de- 
rangement, — a sufficient proof of the smallness of its mass. 
Jupiter, indeed, seems, by some strange fatality, to be con- 
stantly in the way of comets, and to serve as a perpetual 
stumbling-block to them. 

(586.) On the 22nd of August, 1844, Signor de Vico, 
director of the observatorv of the Collegio llomano, discovered 
a comet, the motions of which, a very few observations 
sufficed to vshow, deviated remarkably from a parabolic orbit. 
It passed its perihelion on the 2iid of September, and con- 
tinued to be observed until the 7th of December. Elliptic 
elements of this comet, agreeing remarkably well wdth each 
other, were accordingly calculated by several astronomers, 
from which it appears that the period of revolution is about 
1990 days, or 5^ (5-4357) years, which (supposing its orbit 
undisturbed in the interim) would bring it hack to the peri- 
helion oil or about tJie 13th of January, 1850, on which 
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occasion, however, by reason of its unfavourable situation 
with respect to the sun and earth, it could not be observed. 
As the assemblage and comparison of these elements, thus 
computed independently, will serve better, perhaps, tlian any 
other example, to afford the student an idea of the degree of 
arithmetical certainty capable of being attained in this branch 
of astronomy, difficult and complex as the calculations them- 
selves are, and liable to error as individual observations of a 
body so ill defined as the smaller comets are for the most 
part, we sliall present them in a tabular form, as on the next 
j>age : the elements being as usual ; the time of perihelion 
passage, longitude of the perihelion, that of the ascending 
node, the inclination to tlie ecliptic, semiaxis and excentrlcity 
of the orbit, and the periodic time. 

This comet, when brightest, was visible to the naked eye, 
and had a small tail. It is especially interesting to astrono- 
mers from the circumstance of its having been rendered ex- 
ceedingly probable by the researches of M. Leverrier, that it 
is identical with one which appeared in 1G78 with some of its 
elements considerably changed by perturbation. Tin's cornet 
is further remarkable, from having been concluded by 
Messrs. Laiigier and Mauvais, to be identical Avith tlie comet 
of 1585 observed by Tyclio Brahe, and possibly also with 
those of 1743, 1766, and 1819. 

(587.) Elliptic elements have in like manner been assigned 
to the comet .discovered by M, Brorsen, on the 26th of 
February, 1846, which, like that last mentioned, speedily 
after its discovery began to show evident symptoms of 
deviation from a parabola. These elements, with tlie names 


of their respective calculators, arc as follow, 
for February 1846, Greemvieh time. 

The datijs are 

Computed by 

Van WilliDgon 
and De 


Perihelion pussage 

25^- 37794 

25'*- 33109 

25'** 02227 

Long, of Perihehon 

I }G0 28' 34" 0 

28' 17"*8 

116® 23' 52"*9 

Long, of Q 

102 S9 36* 5 

102 45 20* 9 

103 31 25*7 

Inclination 

30 55 6-5 

30 49 3* 6 

SO 30 30 2 

Semiaxis 

3-15021 

3* 1 2292 

2*870.->2 

Excentricity 

0*79363 

0*79771 

0*77313 

Period (days) 

20-12 

201 6 

1776 
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Tills comet is faint, and presents nothing remarkable ia 
its appearance. Its chief interest arises from the great 
aimiliarity of its 'parahollc elements to those of the comet of 
1532, the place of the perihelion and node, and the iiiclination 
of the orbit, being almost identical. 

(588.) Elliptic elements have also been calculated by 
M. D’ Arrest, for a comet discovered by M. Peters, on the 
26th of June 1846, which go to assign it a place among the 
comets of short period, viz. 5804^-3, or very nearly 16 years. 
The excentriclty of the orbit is 0-75672, its semiaxis 6*32066, 
and the inclination of its plane to that of the ecliptic 
31° 2^^ 14''. This comet passed its perihelion on the 1st of 
June 1846. 

(589.) By far the most remarkable comet, however, which 
has been seen during the present century, is that which 
appeared in the spring of 1843, and whose tail became 
visible in the twilight of the 17th of March in England as 
a great beam of nebulous light, extending from a point 
above the western horizon, through the stars of Eridanus and 
Lepus, under the belt of Orion. This situation was low and 
unfavourable; and it was not till the 19tli that the head was 
seen, and then only as a faint and ilhdefined nebula, very 
rapidly fading on subsequent nights. In more southern 
latitudes, however, not only tlie tail was seen, as a magnificent 
train of light extending 50® or 60® in length ; but the head 
and nucleus appeared with extraordinary splendour, exciting 
in every country where it was seen the greatest astonish- 
ment and admiration. Indeed, all descriptions agree in repre- 
senting it as a stupendous spectacle, such as in supei-stitious 
ages would not fail to have carried terror into every bosom. 
In tropical latitudes in the northern hemisphere, thcftail 
appeared on the 3d of March, and in Van Diemen’s Land, so 
early as tlie 1st, tlie comet having passed its perihelion on 
the 27th of February. Already on the 3d the head was so 
far disengaged from the immediate vicinity of the sun, as to 
appear for a short time above tbe horizon after sunset. On 
this day when viewed through a 46-inch achromatic 
telescope it presented a planetary disc, from which rays 
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This comet Is faint, and presents nothing remarkable iu 
its appearance. Its chief interest arises from the great 
oimiliarity of its parabolic elements to those of the cornet of 
1532, the place of the perihelion and node, and the inclination 
of the orbit, being almost identical. 

(588.) Elliptic elements have also been calculated by 
M. D’ Arrest, for a comet discovered by M. Peters, on the 
26th of June 1846, which go to assign it a place among the 
comets of short period, viz. 5804^*3, or very nearly 16 years. 
The excentricity of the orbit is 0*75672, its semiaxis 6*32066, 
and the inclination of its plane to that of the eclipth; 

2' 14". This comet passed its perihelion on the 1st of 
June 1846. 

(589.) By far the most remarkable comet, however, which 
has been seen during the present century, is tliat which 
appeared in the spring of 1843, and whose tail became 
visible in the twilight of the 17tli of March in England as 
a great beam of nehuloiis light, extending from a point 
above the western horizon, through the stars of Ericlanus and 
Lepus, under the belt of Orion. This sitiiation was low and 
unfavourable; and it was not till the 19th that the head was 
seen, and then only as a faint and ill-defined nebula, very 
rapidly fading on subsequent nights. In more southern 
latitudes, how^ever, not only the tail was seen, as a magnificent 
train of light extending 50° or 60° in length ; but the head 
and nucleus appeared with extraordinary splendour, exciting 
in every country where it was seen the gi-catest astonish-' 
ment and admiration. Indeed, all descriptions agree in rejm> 
senting it as a stupendous spectacle, sucli as In supei-stitious 
ages would not fail to have carried terror Into every bosom. 
In tropical latitudes in the northern liemispherc, thc-tai* 
a])pearcd on the 3d of March, and in Van Diemen’s Land, 
early as the 1st, the comet having passed its perihelion ^ 

27th of February. Already on the 3d the head was s( 
VJl^m.sengaged from the immediate vicinity of the sun, as to 
jff<pear fo.^:* a short time above the horizon after sunset On 
mis day • when viewed through a 46-Iiich achromatic 
telescope JJt presented a planetary disc, from which rays 
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emerged in What renders these elem'" Ihe tail was double, 
consisting c of the perihelion dis' streamers, making a very 
small angle rccordc jh oth has in; divided by a comparatively 
dark line, of the e ‘timateis bcgth of 25®, prolonged however 
on the north side by a diooigcnt streamer, making an angle 
of 5® or 6® with the general direction of the axis, and trace- 
able as far as 65® from the head. A similar though fainter 
lateral prolongation appeared on the south side. A fine 
drawing of it of this date by C. P. Smyth, Esq. of the 
Royal Observatory, C. G. H., represents it as highly sym- 
metrical, and gives the idea of a vivid cone of light, with a 
dark axis, and nearly rectilinear sides, inclosed in a fainter 
cone, the sides of which curve slightly outwards. The light 
of the nucleus at this period is compared to that of a star of 
the first or second magnitude; and on the 11 th, of the third ; 
from which time it degraded in light so rapidly, that on the 
1 9th it was invisible to the naked eye, tlic tail all the 
while continuing brilliantly visible, though much more so at 
a distance from the nucleus, with which, indeed, its connexion 
was not then obvious to the unassisted sight — a singular 
feature in the history of this body. T'he tad, subsequent to 
3d, was generally speaking a single straight or slightly 
curved broad band of light, but on the 11 th it is recorded by 
Mr. Clerihew, who observed it at Calcutta, to have shot forth 
a lateral tall nearly twice as long as the regular one but 
fainter, and making an angle of about 18® with its direction 
on the southern side. The projection of this ray (which 
was not seen either before or after the day in question) to 
so enonnous a length, (nearly 100®) in a single day conveys an 
impression of the intensity of the forces acting to produce 
suclir; a velocity of material transfer through space, such as 
other natural phtenomenon is capable of exciting. It is 
jar that if uw have to deal here zvith matter^ such as we 
inceive possessing inertia — at all, it must be under 

the dominion of forces incomparably more energetic 
gravitation, and quite of a different nature. 

(590.) There is abundant evidence of the comet i 
having been seen in full daylight, and in the sun’s 1 
vicinity. It was so seen on the 28th of FebruarV 
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after its penlib. i xi. ^ r ^board the 

T rx L? ni rn that in tlie focus of r . 

H.E.IC. S. Owen Glendov. . ^ ^ 

clatrorer-like object close to /ctle !l^' On 

OK ^ h the atrati _ 


the same day at 3^ 6™ P, M., 


Han, 


msequ in lull sun- 


shine, the distance of the nude , \om the sun was actually 
measured with a sextant by Mr. ^w^l’ke of Portland, United 
States, the distance center from center being then only 
3° 50' 43". He describes it in the following terms : The 
nucleus and also every part of the tail were as well defined 
as the moon on a clear day. The nucleus and tail bore the 
same appearance, and resembled a perfectly pure white cloud 
without any variation, except a slight change near the head, 
just sufficient to distinguish the nucleus from the tail at that 
point.” The denseness of the nucleus was so considerable, 
tliat Mr. Clarke had no doubt it might have been visible upon 
the sun’s disc, had it passed between that and tlie observer. 


The length of the visible tall resulting from these measures 
was 59' or not far from double the apparent diameter of the 
sun ; and as we sliall presently sec that on the day in question 
the distance from the earth of the sun and comet must have 
l)een very nearly equal, tliis gives us about 1700000 miles 
for the linear dimensions of this the densest portion of that^^ 
appendage, making no allowance for the foreshortening, 
which at that time was very considerable, 

(591.) The elements of this cornet are among the most re- 
markable of any recorded. They have been calculated by 
several eminent astronomers, among whose results we shall 
specify only those which agree best ; the earlier attempts to 
compute its path having been rendered uncertain by the dif- 
ficulty attending exact observations of it in the first part of 
its visible career. The following are those which se^im 
entitled to most confidence : — 



Encke. 

Elantamour. 

Knorro. 

Nirolai. 

Peters. 

Rrihelpais., 1843 
eb,,mpan time at 
reenw irh. - 
ong. of peribel. 
ong of u . 
lelina'tion . 
prihel* (list, 
otion 

274 4;.()9n 
279^^ at/' 

4 lo 5 

3f> 12 38 
0-()0*.22 
Retrograde. 

274-42935 
2780 18' 3" 

0 51 4 • 

3.5 8 r)6 
0-00581 
Retrograde. 

274-39038 
2780 2S' 25" 

1 48 3 

35 35 29 
0-00.579 
Rctrogr.-ide, 

274*43023 
2780 30' *13" 

1 37 55 

35 .30 29 
0-00558 
Ref,rogr.*ide. 

274*41319 
2790 59' 7" 

3 .5.5 17 

36 15 42 
0-0042H 
Retrograde. 
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(592.) What renders these eleinfents so remarkable is the 
smallness^of the pwfjpllon dij^tance. Of all comets which 
have beenW^prde^l this has m;^lde the nearest approach to the 
sun. The suns radii'^ b<jiing the sine of his apparent 
semi-diameter (16^ I'O radius equal to the earth^s mean 
distance— I, is represented on that scale by 0*00466, whicli 
falls short of 0*00534, the perihelion distance found by taking 
a mean of all the foregoing results, by only 0*00068, or about 
one seventh of Its whole magnitude. The comet, therefore, 
approaclied the luminous surface of the sun within about a 
seventh part of the sun’s radius ! It is worth while to con- 
sider what is implied in such a fact. In the first place, the 
intensity both of the light and radiant heat of the sun at 
different distances from that luminary increase proportionally 
to the splierical area of the portion of the visible lieniisphere 
covered by the sun’s disc. This disc, in the case of the earth, 
at its mean distance has an angular diameter of 32' l"-i. At 
our comet in perihelio the ap[)arent angular diameter of the sun 
was no less than 121° 32'. The ratio of the spherical surfaces 
thus occupied (as ap[)ears from spherical geometry) is that of 
the squares of the sines of the fourth parts of these angles to 
each other, or that of 1 : 47042. And in this proportion are 
to each other the amounts of light and heat thrown by the sun 
on an equal area of exposed surface on our earth and at the 
comet in equal instants of time. Let any one imagine the 
effect of so fierce a glare as that of 47000 suns such as we 
experience the warmth of, on the materials of which the 
earth’s surface is composed. To form some practical idea of 
it we may compare it with what is recorded of Parker’s great 
lens, whose diameter was 32^ inches, and focal length six feet 
eigJit inches. The effect of this, supposing all the light and 
heat transmitted, and the focal concentration perfect, (both 
conditions very imperfectly satisfied,) would be to enlarge the 
sun’s effective angular diameter to 23° 26', Avhich, compared 
on the same principle with a sun of 32' iti diameter, would, 
give a multiplier of only 1915, and when increased sevenfold 
(a^ was usually the case), by interposing a concentrating lens, 
13405 instead of 47000. The heat to which the comet was 
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subjected therefore surpassed that in the focus of the lens iii 
question, on the lowest calculation, in the prpportion of 24 ^ 
to 1 without, or to 1 with the concentrating lens. Yet 
that lens, so used, melted carnelian, agate, and rock crystal ! 

(593.) To this extremity of heat however the comet was 
exposed but for a short time. Its actual velocity in periholio 
was no less than 366 miles per second, and the 'whole of that 
segment of its orbit above {Le, north of) the plane of the 
ecliptic, and in which, as will appear from a consideration of 
tlie elements, the perihelion was situated, ^vas described in 
little more than two hours ; such being the whole duration 
of the time from the ascending to the descending node, or in 
which the comet laid north latitude. Arrived at the descend- 
ing node, its distance from the sun would be already doubled, 
and the radiation reduced to one fourth of its maximum 
imiount. The comet of 1680, whose perilielion distance was 
0*0062, and which therefore approached the sun’s surfa(5e 
within one third part of his radius (more than double tlie 
distance of the comet now in question) Avas computed by 
Newton to have been subjected to an intensity of heat 2000 
times that of rctl-liot iron, — a term of comparison indeed of a 
very vague description, and which niodern tliermotics do not 
recognize as affording a legitimate measure of radiant licat.'^ 

(594.) Although some of the observations of this comet 
w’^ere vague and inaccurate, yet there seem good grounds 
for believing that its whole course cannot bo reconciled 
with a ])arabolI6 orbit, and that it really describes an ellipse. 
Previous to any calculation, it was remarked that in the 
year 1668 the tail of an immense comet \vas seen in Lisbon, 
at Bologna, in Brazil, and elsewdiere, occupying nearly the 
same situation among the stars, and at the same season^ of 
the year, viz. on the 5th of March and the following dayvS. 

A transit of the comnt of JS43 over the sun’s <lisc must probai>Iy h;)vet:iki;n 
p!:»cc shortly after its passage tin oiigh its descending node. It is greatly to he 
.regretted that so interesting a ph;eiiomenon should have passed ujjobservefi. 
Uhelher it be possible that some ollset of its tail, darted oiV so late as the 7th 
ot iVlarcli, when the comet was already fVir south of the eclipt ic, shrjiiUl liave 
enjssed that]>laue and been se‘cn near the l^leiades, may be doubted. Certain it 
is, that on the eveming of tliat day, a decidedly cometic ray was seen in tlie 
immediate neighbourhood of those stars by .Mr. Kasmyth. (Ast. Soc Notices, 
'■ol. V, p. 270.) 


IJ 1 > 
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Its brightness was such that its reflected trace was easily 
distinguished on the sea. The head, when it at length came 
in sight, was (comparatively faint and scarce discernible. No 
precise observations were made of this comet, but the singulat 
coincidence ‘ of situation, season of the year, and physical 
resemblance, excited a strong suspicion of the identity of tlic 
two bodies, implying a period of 175 years within a day or 
tico more or less. This suspicion has been converted almost 
into a certainty by a careful examination of what is recorded 
of the older comet. Locating on a celestial chart the situa- 
tion of tlie head, concluded from tlie direction and apjiearancc 
of tlie tail, when only that was seen, and its visible place, 
when mentioned, according to the descrijitions given, it has 
been found practicable to derive a rough orbit fi*om the 
course thus laid down: and this agrees in all its features 
so well vvitli tliat of the modern (‘omet as nearly to remove 
all doubt on the subject. Comets, n)orco^ cr, are recorded to 
have bcKui seen in A. i>. 268, 442-3, 791, 968, 1143, 1317, 
1494, which may have been returns of this, since tlie period 
above-mentioned would bring round its appearaiK.'e to the 
years 268, 413, 618, 793,96^, 1143, 1318, and 1493, and a 
certain latitude must always be allowed for unknown pertur- 
bations. 

(595.) But tins is not the only comet on record wliosc 
identity with the conu^t of ’43 has been maintained, lu 
1689 a comet bearing a considerable resemblance to it was 
observed from the 8th to the 23d of December, and from 
tlic few and rudely observed places recorded, its elements had 
been eahadated by Pingrd, one of the most diligent enquirers 
into tills part of astnmomy. From these it appears that 
the*' perihelion distance of that comet was very remarkably 
small, and a sufficient though indeed rough coincidence In the 
places of the perihelion and node tended to corrol)orat(i the 
suspicion. But the inclination (69^) assigned to it by Pingre 
appeared conclusive against it. On recomputing the ehunents, 
however, from his data, Professor Pierce lias assigned to that 
comet an inclination widely differing from Pingre’s, viz. 

* AiiUior of tlje “ a work ini6spiais;ih1e to all who would 

fitutly this iiitcivstiii?; dcpartincnt ol’the sca/nee. 
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30® 4' % and quite within reasonable limits oi resemblance. 
But how doCvS this agree with the longer period of 175 years 
before assigned? To reconcile this we must suppose that 
these 175 years comprise at least eight retunis of the comet, 
and that in effect a mean period of 2P*875 niust bo allowed 
for its return. Now it is worth remarking that this period 
calciilated backwards from 1843*156 will bring nsTipon a series 
of years remarkable for tlie appearance of great comets, many 
of which, as well as the imperfect descriptions we have of 
tlicir appearance and situation in the heavens, offer at least 
no obvious contradiction to the supposition of their Identity 
witli this. Besides tliose already inentioiied as indicated by 
tlie period of 175 years, we may specify as pr()l)able or 
possible intermediate returns, those of the comets of 1733 ?f, 
1689 above-mentioned, 1559?, 1537:j:, 1515 §, 1471, 1426, 
M()5-^6, 1383, 13G1, 1340||, 1296, 1274, 1230^f, 1208, 
1098, 1056, 1034, 1012’"% 990? tf, 925?, 858??, 684 552, 

530§§, 421, 245 or 247 i||l, 180li1f, 158. Should this view of 
the subject be the true one, wc may ex})ect its return about 

* United States Gazette, May 29. IRCG Consider Int' that all tlie obser- 
vations lie ntur the descending node of the orbit, the pr-oxiniity oi’ the comet at 
that time to the sun, and the loose nature of the recordefi observations, no 
doubt almost any given inelinatii>n rnhjht he deduced lrt»:u them. The true 
lest in such cases is not to aseend from the oid incorrect data, to eleiuents, but 
to eiescend from known and certain elemoMts to t]>e older data, ar.'d ascertain 
whetlier tlie recorded phaaionuna can reju'esented by them (perturbations 
iiududed) within fair limits of iuterprelalion. Such is tlie course pursued by 
C.' la risen . 

f 1\ Passage 17R‘V7SJ. The great soutliorn comet of May 17th seems too 
early in the year. * 

I P. P. 15f5d OCG. In .lanuary 1537, a comet w as seen in Ihsees. 

§ P. P. Idl5’0.‘5l. A comet jfredicted the death of lu rdinand the Gathofe 
Me died Jan. 23. lolS. 

II P. P. 1340*031. Evidently a soiilbern comet, and a very proliable appear- 
ance. 

^ P. P. 1 230* G. 'll), was perlia])s a return of Halley’s. • 

P. P. 1011*900. In 1012, a very great comet in the southern uni t of the 
heavens. Son eclat hlessail les yeui.” (Pingre Coinciographie, from wliom 
all these recorded appearances are taken.) * 

ft 1^. P, 990*03 1. “ (7oructe fort epouvantableG iome year between 989 and 
998. 

B P. Ih 083-781. *In 084, a}>jK*ared two or three cornets. Dates begin to l>e 
rtfiscure. 

§§ Two distinct cornets appeared in 530 and 531, the former ohserved in 
China, tlu; latter in Europe. 

nil P. P. 240*281 ; both southern comets of the Chinese annals, 'I’he year of 
one or other may be wrong. 

r. P. 180-650. Nov. 0. A.n, 180. A .southern comet of tlie Chinese annals. 
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the end of 1864 or beginning of 1865, in which event it will 
be observable in the Southern Hemisphere both before and 
after its perihelion passage. 

(596.) M. Clausen, from the assemblage of all the obser- 
vations of this comet known to him, has calculated elliptic 
elements which give the extraordinarily short period of 
6*38 years. And in effect it has been suggested that a still 
further subdivision of the period of 21*875 into three of 
7’292 years would reconcile this witli. other remarkable 
comets. This seems going too far, but at all events the 
possibility of representing its motions by so short an ellipse 
will easily reconcile us to the admission of a period of 21 
years. That it should only be visible in certain apparitions, 
and not in others, is sufficiently explained by the situation 
of its orbit. 

(597.) We have been somewhat diffuse on the subject of 
this comet, for tlie sake of showing the degree and kind of 
interest wliich attaches to cometic astronomy in the present 
state of the science. In fact, there is no branch of astronomy 
more rcjilctc with interest, and we may add more eagerly 
])ursiied at present, inasmuch as the hold which exact calciu 
hition gives us on it may he regarded as comjiletely esta- 
blished; so that whatever may be concluded as to the motions 
of any comet which sljall henceforward come to be observed, 
will be concluded on sure grounds and with numerical pre- 
cision ; wlulc the Improvements which have been introduced 
into the calculation of cometary perturl)atiou, and the daily 
increavsing familiarity of numerous astronomers with compu- 
tations of this nature, enable us to trace their past and fiitun3 
history with a certainty, which at the commencement of the 
present century could hardly have been looked upon as 
attainable. Every comet newly discovered is at once sub- 
jected to the ordeal of a most rigorous enquiry. Its elements, 
roughly calculated within a few days of its appearance, are 
gradually approximated to as observations accumulate, by a 

Cliuiscn. Astron. Nachr. No. 415. Mr, Coopor’s remarks on tl?is eomet in 
his CataloiTijo oF Cornets (notes, p. xviil.) go to assign by tar tire gre-atest weight 
uf proh ilhlity to a period of for this rMOnet. 
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multitude of ardent and expert cornputi.sis. On the least 
indication of a deviation from a parabolic orbit, its elliptic 
elements become a subject of univei’sal and lively interest and 
discussion. Old records are ransacked, and old observations 
reduced, with all the advantage of improved data and 
methods, so as to rescue from oblivion the orbits of ancient 
comets wliich present any similarity to that of the new visitor. 
The disturbances undergone in the interval by the action of 
the planets are investigated, and the past, thus brought into 
unbroken connection with the present, is made to afford sub- 
stantial ground for prediction of the future. A great impulse 
ineanwliilc lias been given of late years to the discovery of 
comets by the establishment in 1840*, by bis late Majesty 
tlie King of Denmark, of a prize medal to be a>varded for 
every such discovery, to the first observer, (the influence of 
which may be most unequivocally traced in the great number 
of these bodies which every success! year seiis added to our 
list,) and by the circulatioii of notices, by sjtccial letter of 
every such discovery (accompanied, when jiossible, by an 
ej)hcrneris), to all observers who have shown that they take 
an interest in tlie enquiry, so as to ensure the full and corn- 
]>lete observation of the new comet so long as it remains 
within the reach of our telescopes. Among the observers 
who have been most successful in the discovery of comets, we 
find no less than 29 discoverctl by Pons, 14 by Messier, 
and 10 by Mechain, 8 by Do Vico, 8 by Miss C. Ilerschel— 
who, however, is not the only female observer of these bodies, 
the comet of 1847 having been independently detected by 
two ladies, Miss Maria Mitchell, of Nantucket, U.S., and 
Madame Riimker, of Hamburg, the priority lying witli the 
American astronomess. 

(598.) It is by no means merely as a subject of antiquarian 
interest, or on account of the brilliant spectacle which comets 
occasionally afford, that astronomers attach a high degree of 
•importance to all that regards them. Apart even from the 
singularit}" and mystery which appertains to their physical 

St*c the announcement of this insiitutlon in Asiron. Nachr. No. 400. 

f Uy the late Prof. Schumacher, Director of the Royal Dijservatory of Altona, 
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constitution, they have become, through the medium of exact 
calculation, unexpected instruments of enquiry into ])oints 
connected with tlic planetary system itself, of no small im- 
portance. We have seen that the movements of tlie comet 
Kncke, thus nunutely and jjerscveringly traced by the 
eminent astronomer wliose name is used to distinguish it, lias 
afforded ground for believing In tlie presence of a resisting 
inedinm filling the whole of our system. Similar enquiries, 
proi^eeuted In the cases of other periodical comets, will extend, 
coiifinn, or modify our conclusions on this liead. The per- 
turbations, too, w hich comets expcrien<*e in passing near any 
of tlie planets, may afford, and have afforded, information as 
to the magnitude of the disturbing masses, which could not 
well be o tiler wise obtained. Thus the apjiroach of ibis comet 
to the planet j\Iercury in 1838 afforded an estimation of tlie 
mass of that planet the more precious, by reason of the grea t 
uncertainty under Avliieh all previous determinations of that 
element laboured. Its approach to the same planet in tlie 
year 1848 was still nearer. On the 22d of November their 
mutual distance was only fifteen times the moon’s distance 
from the earth. 

(599.) It is, however, in a physical point of view that these 
bodies offer tlie greatest stiiuulus to our curiosity. There is, 
beyond question, some profound secret and mystery of nature 
coiicenied in tlie plnenomenon of their tails. Perhaps it is 
not too much to liojie, that future observation, borrowing 
every aid from rational speculation, grounded on the progress 
of physical science generally, (especially tliose branches of it* 
which relate to the letlierial or impoiulcrablc elements,) may 
ere long enable us to penetrate this mystery, and to declare 
wdiothcr it is really matter in the ordinary acceptation of the 
term which is projected from their heads with such extra- 
vagant velocity, and if not impelled, at least directed in its 
course by a reference to the sun, as its point of avoidance. 
In no respect is the question as to tlie materiality of the tall* 
more forcibly pressed on us for consideration, than in that of 
the enormous sweep which it makes round the sun in perihe- 
lio, in the manner of a straight and rigid rod, in defiance of the 
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law of gravltalion, nay, even of tbe received laws of motion, 
extending (as we have seen in the comets of 1680 and 1843) 
from near the sun’s surface to tlic eartli’s orbit, yet whirled 
round unbroken : in the latter case through an angle of 180'’ 
in little more than two hours. It seems utterly incredible 
that in such a case it is one and the same material object 
wlilch is thus brandished. If there could be conceived .sucli 
a thing as a negative shadow, a momentary impression made 
upon tlie luminiferous tether behind tlie comet, this would 
represent in sojiie degree tlie conct^ption sncli a phieiiomenon 
irresistibly calls up. lint tins is not all. Even such an ex- 
traordinary excitement of the letlicr, conceive it as we will, 
will afford no ac(*.ount of the projection of lateral streamers .; 
of the eflPusion of liglit from the nucleus of a comet towards 
the sun; arid its subsccpieiit rejection ; of tlic irregular and 
caprieions mode in wdiich that effusion has lieon seen to take 
place; none of the clear indications of alternate evaporation 
and condensation going on in the immense regions of sjiace 
occnplcd by the tail and coma, — none, in short, of innu- 
merable other facts wliich link themseh es with almost equally 
irresistible <^og(‘ncy to our ordinary notions of matter and 
forc(\ 

(GOO.) The great number of comets which appear to move 
ill jiaraboHc orbits, or orbits at li^ast undlstingulsliable from 
parabolas during their description of that com[.aratively small 
part within tin; range of tlieir visibility to us, has given rise 
to an impression that they are bodies extraneous to our 
system, wandering through space, and merely yielding a 
local and temporary obedience to its la^vs during their sojourn. 
VVliat truth there may be in this view, we may never have 
satisfactory grounds for deciding. On such an hypothesis, 
ovir elliptic comets owe their permajumt dcni/enslup within 
the sphere of the suifvS predominant attraction to tlic action 
f)f one or other of the plan(43 near which they may have 
passed, in such a manner as to diminish tlicir velocity, and 
render it compatible \vith elliptic motion.'^ A similar cause 

* The velocity in an ellipse is always loss than In a prtraV»ola, at e<pial dis- 
tances from the sun ; in an hyperbola always cater. 
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acting tlie other way, might with equal probability give rise 
to a hyperbolic motion. But whereas in the former case the 
comet would remain in the system, and might make an indo 
finitc number of revolutions, in the latter it would return no 
more. This may possibly be the cause of the exceedingly 
rare occuiTcnce of a hyperbolic comet as compared with 
elliptic ones. 

(601.) All the ydanets without exception, and almost 
all the satellites, circulate in one direction. Retrograde 
comets, however, are of very common occurrence, which 
certainly would go to assign them an exterior or at least an 
independent origin, .Laplace, from a convsidoration of all the 
cometary orbits known in the earlier part of tlie present cen- 
tury, concluded, that the mean or average situation of the 
planes of all the cometary orbits, with respect to the ecliptic, 
was so nearly that of perpendicularity, as to atford no pre- 
sumption of any cause biassing their directions in tliis respect. 
Yet we think it \vortli noticing that among the conu^ts wdiich 
are as yet known to describe elliptic orbits, not one whose 
inclination is under 17*^ is retrograde ; aiul that out of thirty- 
six comets wlncli have had elliptic elements assigned to them, 
whether of great or small excentricitles, and without any 
limit of inclination, only five are retrograde, and of these, 
only two, viz. Halley’s and the great comet of 1843, can be 
regarded as satisfactorily made out. Finally, of the 125 
comets whose elements are given in the collection of Schu- 
macher and Olbers, up to 1823, the number of retrograde 
comets under 10^ of inclination is only 2 out of 9, and under 
2(F, 7 out of 23,^ A plane of motion, therefoi'c, nearly co- 
incident with the ecliptic, and a periodical return, are cir- 
cumstances eminently favourable to direct revolution in the 
cometary as they are decisive among tlic planetary orbits. 
[Here also we may notice a very curious remark of Mr. Hind, 
(Ast. Nachr. No. 724.) respecting periodic comets, viz., that 
so far as at present known, they divide themselves for the 
most part into two families, — the one having periods of about 

* S(» /i: tvlitiori oF ISVjO. Soc, however. Appendix, I'able IV., for a more re- 
cent view of llicse stfiiisrical particulars. 
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75 years, corresponding to a mean distance about tliat of* Ura- 
nus; tlie other corresponding more nearly witli those of the 
asteroids, and with a mean distance between those small 
planets and Jupiter. The former group consists of four 
members, Halley’s comet revolving in 76 years, one disco- 
vered by Olbers in 74, Do Vico’s 4th comet in 73, and Bror- 
scn’8 3din75 respectively. Examples of the latter group 
arc to be seen in App. Table IV. at the end of this volume.] 

We may add, too, that a marked tendency In the major axes 
of periodical comets to group themselves about a certain 
detcrininatc direction in space, that is to say, a line pointing* 
to the sphere of the fixed stars northward to 70'' long, and 
30'’ IST- lat. or nearly towards the star \ Persei (in the Milky 
AVay), and in the southern to a point (also in the Milky \V^ay ) 
diametrically opjx^slte. (Ast. Nadir. No. 853.) 

(601 a,) Tlie third great comet of the jiresent century 
(tliose of 1811 and 1843 being the otlier two) appeared from 
d line 2, 1858, to January, 1859, being known as Donati’s 
comet, from its fiivst discoverer. Its head was remarkably 
brilliant; and its tail, like a vast aifirettc or gracefully-curved 
plume, extended, when longest, over a space of upwards of 
30”. Its curvature was very marked, dcfiecting towards the 
region quitted by the comet, as if left behind (no proof, as 
generally supposed, of any resistance experienced in its mo- 
tion, but a necessary consequence of the combination of its 
impulse outwards from the sun with the })ropcr velocity of 
the comet at tlie moment of its emission). The American 
observers speak of two long, narrow, perfectly straight rays 
of faint light, tangents to the limiting curves of tlie aigrette 
at its quitting the head. The pluciiomona of the nucleus 
under high magnifying powers were very comjfiex and 
remarkable. In each of the years* 1861, 1862, appeared 
great comets: that of 1861, through, or very near whose 
tail the earth passed on the 30th of June, was remarkable 
*for the great length and straitness of one side of its tail ; 
that of 1862 for the high condensation of the nucleus and 
of the single jet issuing from it. 
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OT THE EUNAU AND I'EANETAKT rEUTUBBATIONS. 

“ M.'gnus ab intugro sa^clorum nascitur oi do.” — VmcJ. rollio. 
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OIIARACTIJDS riC EI'TM- OT8. — EFFECTS OF THE ORITIOGONAL F ORCE. 

'MOTION OF THE NODES. — CONDITIONS OF THEIR ADVANCE 

AND RECESS. — CASES OF AN EXTElilOR PLANET IMSTURBED BV 

AN INTERIOR. TOE REVERSE CASE. IN EVEUV CASE THE NODE 

OF THE DISTURBED ORBIT JiECEDIES ON THE I'LANE OF THE 
DISTURBING ON AN AVERAGE. — COMBINED El Fi;0T OF .MANY SUCH 

DISTURBANCES. YIOTTON OF THE MOON’s NODES. CHANGE OF 

INCLINATION. — CONDITIONS OF ITS INCREASE AND DIMINUTTON. 

AVERAGE EFFECT IN A WHOLE REVOLUTION. COM FiyNSATMON 

IN A COMPJ/ETE REVOLUTION OF THE NODES. I^ACHEYNGE's 

ITIEORIEM OF THE STABTLITV OF THE INCLINATIONS OF THE PLA- 

NETAltV ORBITS. — CHANGE OF OBLIQUITY OP THE ECLIPITO, 

PRECESSION OF THE EQUINOXES EXPLAINED. NUTATION. PRIN- 

CH'LE OF F0RCT':D V IBRATIONS. 

(G 02 .) Int tlie progress of this work, we have more tlmii once 
called tlie reader b attention to tJie existence of inequalities 
ill the lunar and jilanetary motions not included in the 
expression of Kepler’s laws, but in some sort supplementary 
to them, and of an ordci* so far subordinate to tliose leading 
features of the celestial movements, as to require, for their * 
detection, nicer observations, and longer«-continiied comparison 
between facts and theories, than suffice for the establishment 
and verification of the elliptic ilieory. These inequalities 
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are known, in physical astronomy, by the iiMiiie of perturha^ 
Hons. They arise, in the case of the primary planets, from 
the mutual gravitations of these planets towards each othfT, 
which derange their elliptic motions I’ouud the siui ; and in 
that of the secondaries, partly from the mutnal gravitation of 
the secondaries of tlic same system similarly deranging their 
elliptic motions round their common primary, and partly from 
the unequal attraction of the sun and planets on them and on 
their primary. These perturbations, allhongh small, and, in 
most instances, insensible in shoi’t Intervals of time, yet, 
when accumulated, as vSome of them may become, in the 
lapse of ages, alter very greatly the original elliptic iclations, 
BO as to rendc-r the same elements of the planetary orbits, 
which at one e[)och represented perfectly well tlieir move- 
ments, inadequate and unsatisfactory after long intervals of 
time. 

(603.) When Newton first reasoned Ills way from the 
broad features of the <‘e!cstial motions, up to the law of 
imivcrBal gravitation, as aftecting all matter, and rendering 
every particle in the universe vSiibjcct to tlie influence of 
even-y otlier, he was not unaAvare of the modifications which 
this generalization Avould indiice upon the results of a more 
partial and limited ajvplicatiou of the same law to the 
revolutions of the planets about the sun, and the satellites 
about their primaries, as their onlif centers of attraction. 
So far fr'oin il, his extraordinary sagacity enabled Inm to 
perceive very distinctly how several of the most Important 
of the lunar ineipialitles take their origin, in tliis more 
general way of conceiving the agency of the attractive power, 
especially thij retrograde motion of the tiocIos, 
revolution of the apsides of her orbit. -/\nd if he did not 
extend liis investigations to the mutual ]>erturbations of tlie 
planets, It was not for want of perceiving that sucli jxu'turba- 
tions must exist, and rniijht go the length of producing great 
'deriuurements from the actual state of the system, but was 
owing to the then undeveloped state of the practical part of 
sistronomy, wliich had not yet attained the precision requisite 
to make such an attempt inviting, or indeed feasible. What 
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Newton left undone, lioAvcver, Ins successors have accom- 
plislied ; and, at tins day, it is hardly too much to assert that 
there is not a single perturbation, great or small, which 
o5)servatIon has become precise enough clearly to detect and 
place in evidence which has not been traced up to its origin 
in the mutual gravitation of the parts of our system, and 
minutely accounted for. In its numerical amount and value, 
by strict calculation on Newton’s principles, 

(604,) Calculations of this nature require a very higli 
analysis for their successful performance, such as is far beyond 
the scope and object of this work to attempt exhibiting. 
The reader who would master them must prepare himself for 
tlio undertaking by an extensive course of preparatory study, 
and must ascend by steps wliich we must not here even 
digress to point out. It will be our object, in this chapter, 
however, to give some general insight into tlie nature and 
manner of operation of the acting forces, and to point out 
what are the circumstances which, in some cases, give them 
a high degree of efficiency — a sort of purchase on the balance 
of the system ; wliilc, in others, wdth no less amount of 
intensity^ their effective agency in producing extensive and 
lasting changes is compensated or rendered abortive ; as well 
as to explain the nature of those admirable results respecting 
the stability of our system, to wliicli the researches of 
geometers have conducted them ; and which, under the form 
of mathematical theorems of great simplicity and elegance, 
invT>lvc tlic history of the past and future state of the planetary 
orbits during ages, of which, contemplating the subject in tins 
point of view, we neitlicr perceive the beginning nor the 
end, 

(605.) Were there no other bodies in the universe but the 
sim and one planet, the latter would describe an exact ellipse 
about the former (or both round their coininon center of 
gravity), and continue to perform its revolutions in one and 
the same orbit for ever; but the moment wo add to our* 
combination a third body, the attraction of this will draw 
both the forme)* bodies out of their mutual orbits, and, by 
acting on them unequally, will disturb their relation to each 
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other, and put an end to the rigorous and mathematical 
exactness of their elliptic motions, not only about a fixed 
point in space, but about one another. From this way of 
propounding the subject, we sec that it is not the whole 
attraction of the newly-introduced body Avhich produces per- 
turbation, but the difference of Its attractions on tlie two 
originally present. 

(606.) Compared to the sun, all the planets arc of extreme 
minuteness; the mass of Jupiter, the greatest of them all, 
being not more than about one 1100th |)art that of the sun. 
Their attractions on each other, therefore, are all very feeble, 
compared with the presiding central power, and the effects of 
their disturbing forces arc proportionally minute. In the 
case of the secondaries, the chief agent l)y which their motions 
are deranged is the sun itself, wliose mass is indeed great, 
Init whose disturbing influence is immensely diminislied by 
tlieir near ])roximity to their primaries, compared to their 
distances from tlie sun, Avhich renders tlie difference of 
attractions on both extremely small, compared to the whole 
amount. In this case the greatest part of the sun’s attraetioii, 
viz. that which is common to both, is exerted to retain both 
primary and secondary in their common orbit about itself, 
and prevent their ])arting comj)any. Only tlie small over[)lus 
of force on one as compared with the other acts as a 
disturbing power. The mean value of this overplus, in tlie 
Ciisc of the moon disturbed by tlic sun, is calculated by 
Newton to amount to no higher a fraction tlian 
gravity at the earth’s surface, or yy y of tlie priucipal force 
which retains the moon in its orbit. 

(607.) From this extreme ininiiteuess of the intensities 
of the disturbing, compared to the principal forces, autf tlie 
consequent smallness of their momentary effects, it ha|>j)ens 
that w^e can estimate each of these effects separately, as if 
the othei's did not take place, without fear of inducing error 
in our conclusions beyond the limits necessarily incident to a 
fii'st approximation. It is a principle in mechanics, im- 
mediately flowing from the primary rclatiouvS betvveeii forces 
and the motions they produce, that when a munber of vciy 
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minute forces act at once on a system, tlieir joint effect is the 
sum or aggriigate of their separate effects, at least within 
such limits, tliat tlie original njlation of the })arts of the 
system shall not have been materially changed by their 
action. Siich effects supervening on the greater movements 
due to the action of tlie primary forces may be compared to 
the small rlpllngs caused by a thousand varying breezes on 
the broad and regular swell of a deep and rolling ocean, 
wliich run on as if the surfiice were a plane, and cross in all 
directions without interfoiing, each as if the other had no 
existence. It is only when their effects become accaimilated 
in la[).se of tlino, so as to alter the primary relations or data 
of tlie system, that it becomes necessary to liave especial 
regard to the changes correspondingly introchieed into the 
estimation of their momentaiy efficiency, by which tlic rate 
of tlic sxilisequent changes is affected, and periods or cycles 
of immense length take their origin. From this consideration 
arise some of the most curious theories of phj^slcal astronomy. 

(008.) lienee it is evident, tliat in estimating the disturb- 
ing influence of several bodies forming a system, in which 
one has a remarkable preponderance over all the rest, we 
need not embarrass ourselves with combiiuitions of the dis- 
turbing powers one among another, unle>ss where immensely 
long periods arc concerned; such as consist of many hundreds 
ot revolutions of the bodies in question about their common 
center. 8o lliat, in elFcct, so far as avc propose to go into 
its consideration, the problem of the investigation of the 
perturbations of’ a vsystem, however numerous, constituted as 
ours is, i‘ediices itself to that of a sysieni of throe bodies: a 
predominant central body, a disturbing, and a disturbed ; the 
two ’latter of wliicli may exchange denominations, according 
as the motions of tlu,^ one or the other arc the subject of 
enquiry. 

(609.) Both the intensity and direction of the disturbing 
force arc continually varying, according to the relative situ- - 
atlon of tlie disturbing and disturbed body witli respect to 
the sun. If the attraction of the disturbing body M, on the 
central b(xly S, atid the disturbed body P, (by which desig- 
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Rations, for brevity, wc shall hereafter indicate them,) were 
equal, and acted in parallel lines, whatever might other\Yise 
be its law of variation, there would be no deviation caused 
in the elliptic motion of P about S, or of each about the 
other. The case would be strictly that of art. 454, ; the 
attraction of M, so circumstanced, being at every moment 
exactly analogous in its effects to terrestrial gi’avity, which 
acts in parallel lines, and is equally intense on all bodies, 
great and small. But this is not the case of nature. What- 
ever is stated in the subsequent artiede to that Inst cited, of 
the disturbing effect of the sun and moon, is, mutatis vm-- 
tandisy a])j)licable to every case of ])crturbatIon ; and it must 
be now our business to enter, somewhat moi'e in detail, into 
the general licads of tlie sulqect there merely liiiited at. 

((510.) To obtain clear ideas of the manner in wliieh the 
disturbing force ])roduces its Navlous effects, we must ascer- 
tain at any gl^ en moment, and in any relative sit uations of 
tiic three bodic^s^ its direction and intensity as tannpared with 
tlie gravitation of P towards S, in virtue of which hitter force 
alone P would describe an ellijise about S regarded Jis fixed, 
or rather P and S about their common center of gravity in 
virtue of tlieir mutual gravltatioji to each oilier. In the 
treatment of the prol)lcni of three bodies, it is convenient, 
and tends to clearness of npprelioiKslon, to regard one of them 
as fixed, and refer the motions of the otliers to it as to a rela 
tlvo center, hi the case of two planets <listurbing each 
otlieris motions, the sim is naturally clioseri as this fixed 
center ; but in tliat of satellites disturbing (^acli other, or 
disturbed by the sun, the center of tlicir j)]*ima]y is taken as 
tlicir point of reference, and the sun itself is regarded in tlio 
light of a very distant and massive satellite revolving alfoiit 
the primaiy in a relative orbit, equal and similar tf> that 
which tlie primary describes ahsolntehj round tlie sun. Tims 
the generality of our language is preser\'cd, and wlicn, re- 
ferring to any particular central body^, we speak of an exterior 
and an interior planet, wc include tlie cases in wliich the 
former is the sun and the latter a satellite ; as, for example, 
in the Lunar theory It is a principle in dynamics, that the 
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relative motions of a system of bodies inter se are no way 
altered by impressing on all of them a common motion or 
motions, or a common force or forces accelerating or I'ctard- 
ing them all equally in conamon directions, i. e. in parallel lines. 
Suppose, therefore, we apply to all the three bodies, S, P, and 
M, alike, forces equal to those with which M and P attract 
S, but in opposite directions. Then will the relative motions 
both of M and P about S be unaltered ; but S, being now 
urged by equal and opposite forces to and from both M and 
P, will remain at rest. Let us now consider how either of 
the other bodies, as P, stands affected by these newly -intro- 
duced forces, in addition to those which before acted on it. 
It is clear that now P will be simultaneously acted on by 
four forces ; firstly, tlic attraction of S in the direction P S; 
secondly, an additional force, in the same direction, equal to 
its attraction on S ; thirdly, the attraction of M in the direc- 
tion P M ; and fourthly, a force parallel to M S, and equal 
to ]\l’s attraction on S. Of these, the two first, following the 
same law of the inverse square of the distance S P, may be 
regarded .as one force, precisely as if the sum of the masses of 
S and P av’cre collected in S; and in virtue of their joint 
action, P will describe an ellipse about S, except in so far as 
that elli])tic motion is disturbed by the other two forces. 
Thus we see that in this view .of the subject the relative dis- 
turbing force acting on P is no longer the mere single 
attraction ot M, but a torce resulting from the composition of 
that attraction with M’s attraction on S transferred to P in a 
contrary direction. 

( 611 .) Let C P A be part of the relative orbit of the dis- 
turbed, and M B of the disturbing body, their planes inter- 
secting in the line of nodes SAB, and having to each other 
the inclination expressed by the spherical angle P An. In 
M P, produced if required, take M N : M S : : M S® : M TK 
TIjen, if S M* be taken to represent, in quantity and direction, 
the accelerative attraction of M on S, M S will represent* 

• ITie reader will be careful to observe the order of the Tetters, where forces 
#re represented by lines. M S represents a force acting from M towar<l8 fi, .H]VI 
from fi tv}wards IV I. 
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in quantity and direction the new force applied to P, parallel 
to that line, and N M will represent on the same scale the 
accelerative attraction of M on P. Consequently, the dis- 
turbing force acting on P will be the resultant of two forces 
applied at P, represented respectively by N M and M S, 



which by the laws of dynamics are equivalent to a single 
force represented in qiiautity iiixii direction by N S, hut having 
1? for its jjoint of application, 

(612.) Tlie line N S, is easily calculated by trigononietry, 
when the relative situations and real distances of the bodies 
are known ; and i\\c force expressed by that line is directly 
comparable with the attractive forces of S on P by the fol- 
lowing proportions, in which M, S, represent the masses of 
those bodies wliicli are supposed to be known, and to whicli, 
at equal distances, their attractions are proportional : — 
Dlsturlilng force : M’s attraction on S:: N S : SM; ^ 
M’s attraction on S : S’s attraction on M:: M ; S; 

S’s attraction on M : S’s attraction bu P :: S P^ : S M®: 
by compounding which proportions we collect as follows : — 

Disturbing force : S’s attraction on P M . N S. S P^ : 

8. SM^ 

A few numerical examples are subjoined, exhibiting the 
results of this calculation in particular cases, chosen so as to 
exemplify its application under very various circumstances, 

E E 
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tliroiigliout tlie planetai’y system. In each case the numbers 
sot down express the proportion in which the central force 
retaining the disturbed body in its elliptic orbit exceeds th(i 
disturbino; force, to the nearest whole number. The calcula- 
tion is made for three positions of the disturbing body — viz. 
at its greatest, its least, and its mean distance from the dis- 
turbed. » 


Disturbing Body. 

1 

Disturbed Body. 

Ratio at the 
gieaU'st Dis- 
tance : 1. 

Ratio at the 
mean Distance. 

: 

Ratio at the 
least Distance 

:i. 

The Sun 


The Moon 

90 

179 

89 

Jupiter • 

- 

Saturn - 

.951 

812 

128 

Jupiter * 

- 

The lOarth 

! mem 

147575 1 

58268 

Venus - 

- 

Tlio Earth 

255208 

2)0245 

26888 

Neptune 

- 

Uranus - 

57420 

56592 ' 

5519 

Mercury 

- 

Neptune 

845 

845 1 

845 

J(i])iter - 

- 

Ceres - - ■ 

1 6488 

6987 

1088 

Saturn - 

- 

Jupiter - - 1 

20248 

21579 

8065 


(613.) If the orbit of the disturbing body be circular, SM 
is invariable. In this case, N S will continue to represent the 
disturl)ing force on the same invanahh scale, whatever may 
be the c-oii figuration of the three bodies with respect to each 
other. Tf the orl)it of M be but little clH])tic, the same will 
bo nearly tlie case. In what follows tlu^oughout this chapter, 
exce])t wlierc the contrary is expressly mentioned, we shall 
neglect the exccntriclty of the disturbing orbit, 

(614.) If P be nearer to M than S is, M N is greater than 
3\T ]*, and N lies in M P prolonged, and tliercfore on the 
opposite side of the |)]aiie of P’s orbit from that on whi(‘h AI 
is situated. The force N S therefore urges P toAvards M’s 
plain*, and t(u\ ards a point X, situated between S and M, in 
tlie line S M. If the distance iM P be equal to M S as wlien 
Is situated, suppose, at 13 or E, M X is also equal to M P 
or ]\1 S, so that JS coincides with P, and therefore X with S, 
tlie disturbing forces being in these cases directed towards 
tlie central body. But if M P be greater than M S, M N is» 
less than M P, and X lies between M and P, or on the same 
side of the plane of P’s orbit that M is situated on. The 
force X S, therefore, applied at P, urges P towards the con- 
trary side of tliat plane towards a point in the line M S pro- 
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duoed, so that X now shift's to tJie farther side of S. In all 
cases, the disturbing force is wholly effective in the plane 
MPS, in which the tliree bodies lie. 



It is very important for the student to fix distinctly and 
bear constantly in his mind these relations of the disturbing 
agency considered as a single unresolved force^ since their re- 
collection will preserve him from many mistakes in con- 
ceiving the mutual actions of the planets, he., on each other. 
For example, in the figures here referred to, tha;t of Art. (51 1. 
corresponds to the case of a nearer disturbed by a more 
distant body, as tlio earth by Jupiter, or the moon by the 
Sun; and that of the present article t:o the converse ease : 
as, for instance, of Mars disturbed by the earth. Now, in 
this latter class of cases, whenever M P is greater than M S, 
or SP greater than 2SM, N lies on the same side of the 
plane of P’s orbit with M, so that N S, the disturbing force, 
contrary to what might at first be supposed, always urges 
the disturbed planet out of the plane of its orbit towards tljo 
opposite side to that on which the disturbing planet lies. It 
will tend greatly to give clearness and definiteness to his 
ideas on the subject, if he will trace out on various sup- 
positions as to the relative magnitude of the disturbing and 
disturbed orbits (supposed to lie in one plane) the form of 
the oval about M considered as a fixed point, in Avbicli tbc 
point N lies when P makevS a complete revolution round S. 

(615.) Although it is necessary for obtaining In the first 
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instance a clear conception of the action of the disturbing 
force, to conMder it in tills way as a single force having a 
definite direction in space and a determinate intensity, yet as 
that direction is continually varying with the position of 
S, both with respect to the radii S P, S M, the distance 
P oNI, and the direction of P’s motion, it would be impossible, 
by so considering it, to attain clear views of its dynamical 
effect after any considerable lapse of time, and it therefore 
becomes necessary to resolve it into otlier equivalent forces 
acting in such directions as shall admit of distinct and sepa- 
rate considci'atlon. Now this may be done in several differen t 
modes. First, we may resolve it into three forces acting iji 
fixed directions in space rectangular to one another, and by 
estimating its effect in each of these (hree directions sepa- 
rately, conclude the total or joint eifo(^t. This is tlie mode 
of procedure which affords the readiest and most advan- 
tageous handle to the problem of perturbations when taken 
up in all its generality, and is accordingly that resorted to by 
geometers of the modern school in ail their profound re- 
searches on the vsubject. Another mode couvsists in resolving 
it also into three rectangular components, not, however, in 
fixed dh-c(4ions, but in valuable ones, viz. in the directions 
of the lines N Q, Q L, and L S, of which L S is in the direc- 
tion of tlic radius vector S P, Q L in a direction perpendicular 
to it, and in the plane in which S P and a tangent to P’s 
orbit at P both lie; and lastly, N Q in a direct ion perpen- 
dicular to the plane in which P is at the instant moving 
about S. The first of these resolved portions ^vQ may term 
llie radial component of the disturbing force, or simply the 
rj,idial disturbing force; the second the transversal; and the 
third the orthogonal* When the disturbed orbit is one of 
small excentricity, the. transversal component acts nearly in the 
direction of the tangent to P’s orbit at P, and Is tlierefore 
confounded with that resolved coinponent which we sliall 
presently describe (art. 618.) under the name of the tangential 


* This is a term coined for the occasion. The want of some appellation for 
this coinponent of the disturbing force is often felt» 
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force. 11ns is the mode of resolving tlie disturbing force 
followed by Newton and liis immediate successors. 

(dl6.) The iinnicdiate actions of these components of the 
disturbing force are evidently independent of each other, 
being rectangular in their directions; and they affect the 
movement of the disturbed body in inodes perfectly distinct 
and xdiaracteriwstic. Thus, tlie radial component, being 
directed to or from the central body, has no tendency to 
disturb either the plane of P’s i,rbit, or the equable descrip- 
tion of areas by P about S, since the law of areas propor- 
tional to the times is not a character of the force of gravity 
only, but holds good equally, whatever be the force which 
retains a body in an orlxil, jyrovklcd onb/ its direction is alwa}'S 
towards a fixed cent(a\'^' Inasiimch, however, as its law of 
variation is not conformable to the simple law of gravity, it 
altca's the eHi[>tic form of P’s orbit, by directly affecting both 
its cu^^atvlrc and velocity at every point. In virtue, there- 
fore, of tlic action of this disturbing force, the orbit deviates 
from the ellljitic form by the approach or recess of P to or 
from S, so tliat the effect of the ])erturbations produced by 
this part of the disturbing force fails wholly on the radius 
vector of the disturbed orbit. 

((jl7.) The transversal disturbing force represented by 
Q L, on tlie other hand, has no direct action to draw 1^ to or 
from S. Its whole efficiency is directed to accelerate or 
retard P’s motion in a direction at right angles to S P. Now 
the area momentarily described by P aliout 8, is, emteris 
paribus^ directly as the velocity of P in a direction perpendicular 
to S P. Whatever force, thenffore, increases this transverse 
velocity of P, accelerat(3s the description of areas, and vice 
verm, AVith the area A S P is directly connected, by^thc 
nature of the ellipse, the angle A 8 P described or to be 
describi;d by P from a fixc<l Hue in the plane of the orbit, so 
that any change in the rate eff description of areas ultimately 
T'esolves itself into a change in the amount of angular motion 
al)out S, and gives rise to a departure from tlie elliptic laws. 
Hence arise what are called in the perturbational theory 


♦ Newton, i. 1. 
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equations (?.<?. changes or fluctuations to and fro about 
ail average quantity) of the mean motion of the disturbed 
body. 

( 618 .) There is yet another mode of resolving the dis- 
turbing force into rcjctangular components^ whielL though not 
so well, adapted to tlio comjnitation of results, in I’ediicing 
to nuTnericai calculation the motions of the disturbed body, 
is fitted to atford a clearer insight into the nature of the 
modifications whicli the form, magnitude, and situation of 
its orbit undergo in virtue of its action, and whicli we sliall 
therefore employ in preference. It consists in estimating 
the components of the disturbing force, which lie in the 
plane of the orbit, not in the direction we have terrnx^d 
radial and transversal, i. e. in that of the radius vector P ^S 
and pcrpciidicadar to it, but in the direction of a tangent 
to the orbit at P, and in that of a normal to the curve, 
and at rlglit angles to the tangent, for which reason these 
components may be called the tangential and normal disturbing 
forces. AVhen the orbit of the disturbed body is circidar, or 
nearly so, this mode of resolution coincides with or dilfers but 
little IVom the former, but, when the elhpticlty is consider- 
able, these directions may deviate from the radial and trans- 
versal directions to any extent;. As in the Xcvvtonian mode 
of resolution, the effect of the one component falls wholly 
upon tlie a])proach and recess of the body P to tlie central 
body B, and of the other wholly on the rate of descaaption of 
arcais by P round S, so in this which we are now con- 
giderlng, the direct effect of tlie one component (the normal) 
falls ivliolly on the curvature of the oihit at the point of its 
action, increasing that curvature when the normal force acts 
inAvatxls, or towards the concavity of the orbit, and diminish- 
ing it when in the opposite direction; while, on the other 
hand, the tangential component is directly effective on the 
velocity of the disturbed body, increasing or diminishing it 
according as its direction conspires with or opposes its 
motion. It is evident enough that where the object is to 
trace simply the changes produced by the disturbing force, 
in angle and distance from the central body, the former mode 
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of resolution must have the advantage in perspicaaty of view 
and applicability to calculation. It is less obvious, but will 
abundantly appear in the sequel that the latter offers })e- 
culiar advantages in exhibiting to the eye and the reason 
the rnoinentiuy influence of the disturbing fbr6e on tlw. 
elements of tlic orbit itself. 

(619.) Neither of the last mentioned pairs of resolved por- 
tions of the disturbing force tends to draw P out of the plane 
of its oi'bit P S A. Ihit the remaining or ortliogonul por- 
tion N Q acts directly and solely to [)roduc(i that efl'cet. In 
consequence, under the influence of tliis force, P must quit 
tliat plane, and (the same canse continuing in action) must 
describe a curve of donhle cnrcaiure as it is (allied, no two 
eoiisecutive portions of which lie in tlic same plane passing 
througli S. d he efiect of this is to produce a continual va- 
riation ill tho>se elements of the orbit of P on which the 
situation of its plane in space depends ; L e. on its inclination 
to a fixed plane, and the position in su(dii a plane of the node 
or line of its intcrscjction therewith. As tliis, aniong all the 
various eflccts of perturbation, is that which is at once the 
most simple in its conception, and the easiest to follow 
into its remoter consequences, we shall begin witli its ex- 
planation. 

(620 ) Suppose that -up to P (Art. 61 1. 614.) the body 
were describing an uudisturbcxl orbit C 1\ 'riicn at P it 
would be moving in tlic direction of a tangent. P li to the 
(dlipsc P A, which ])roloiiged will intersect the plane of M s 
orbit somewhere in the line of nodes, as at 11. Now, at 1", 
h‘t the (listnrbing lorce parallel to N act momentarily on 

; then P will 1>e deflected in the direction of that force, and 
instead of thci arc P /?, which it would have described ifi the 
next instant if undisturbed, will describe the arc V q b 
the state of things rctiresented in Art. 61 1, below, and in Art, 
614. above, V p with reference to tlie plane P S A. Thus, 
by this action of the disturbing force, the [rlane of P’s orbit 
will have sliifted its position in s[)acc from P (an elementarj 
portion of the old orbit) to P S y, one of the new. Now the 
line of nodes S A B in the former is determined by prolonging 
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P/> into the tangent P R, intersecting the plane MSB in R, 
and joining S R. And in like manner, if we prolong P q into 
the tangent P r, meeting the same plane in r, and join S r, 
this will be the new line of nodes. Thus we see that, under the 
circumstances expressed in the former figure, the momentary 
action of tlie orthogonal disturbing force will have caused the 
line of nodes to retrograde upon the plane of the orbit of the 
disturbing body, and under those represented in the latter 
to advance. And it is evident that the action of the other 
resolved portions of the disturbing force will not in the least 
interfere with this result, for neither of them tends either to 
Ciiny P out of its former plane of motion, or to jirevent its 
quitting it. Their influence would merely go to transfer the 
points of intersection of the tangents V p or V q from R or r 
to R' or points nearer to or farther from S than R r, but 
in the same lines. 

(621.) Supposing, now, M to lie to tlic left instead of the 
right side of the line of nodes in fig. 1., P retaining its situation, 
and M P being less than M S, so that X shall still lie between 
M and S. In this situation of things (or configuration^ as it is 
termed of the three bodies with respect to each other ), N will 
lie hehno the plane A S P, and the distnrlung force will tend 
to raise the body P above the plane, the resolved orthogonal 
portion N Q in this case acting upwards, d’he disturbed arc 
P q will therefore lie above P/?, and when prolonged to meet 
the plane M S 1>, will intersect it in a point in advance of R ; 
so that in this configuration the node will advanc;c upon tlic 
plane of the orbit of JM, provided always tliat the latter orbit 
remains fixed, or, at least, docs not itself shift its position 
in such a direction as to defeat this result. 

((?22.) Generally speaking, the node of the disturbed orbit 
will recede upon any plane which we may consider as Ji.ted, 
whenever the action of the orthogonal disturbing force tends 
to bring the disturbed body nearer to that plane; euxAvice 
rm'sd. This will be evident on a mere inspection of the 
annexed figure, in which C A represents a semicircle of the 
projection of the fixed plane as seen from S on the sphere of 
the heavens, and C P A that of the plane of P’s undisturbed 
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orbft, the motion of P being in the direction of the arrow, 
Irom C the ascending, to A the descending node. It is at 

G 7 ' 


r' <; r 

once seen, by prolonging P y, P y' into arcs of great 
circles, P r, P r', (forwards or backwards, as the case may 
be) to meet C A, that the node will have retrograded 
through the arc A or C r, whenever P y lies between 
CPA and C A, or when the perturbing force canies I* 
towards the fixed plane, but Avill have advanced tbrougli A r' 
or C r' when P (/ lies above CPA, or when the disturbing 
impulse lias lifted P above its old orbit or away from the 
fixed plane, ojid this without any reference to whether the im- 
dhtiirhcd orbitual motion of at the moment Is cuvrymy it 
towards the jdaiie C A or from it, as in tlie two cases 
represented in the figure. 

(62^1.) Let us now consider the mutual disturbance of two 
bodies M and in the various configurations in \vlii(‘h they 
may be presented to each other and to their (‘ommon ccnitral 
body. And first, let us take the case, as the simj)lest, wliere 
the disturbed orbit Is exterior to that of the disturbing body 
(as in fig. art. 614.), and the distance between the orbils 
greater than the semiaxis of the smaller. First, let both 
planets lie on the same side of the line of nodes. Then (as 
in art. 620.) the direction of the whole disturbing fiirce, and 
therefore also that of its orthogonal component, Avill be towards 
the opposite side of the plane of P’s orbit from that on which 
M lies. Its effect therefore will be, to draw P out of its [flaiie 
in a direction /7Y//7Z the plane of M’s orbit, so that In tliis stiite 
of things tlie node will advance on the latter plane, ho\v(jver 
P and M may be situated in these semicircumferencos of tlieir 
•respective orbits. Suppose, next, M tninsfcrred to the 
opposite side of the line of nodes, then Avill the direction of 
its action on P, with i^espect to the plane of l*’s orbit, be 
reversed, and P in quitting that plane will now approach to 
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instead of receding; Iroiii the pL:ne of MV orbit, so tluvt Its 
node wtH now recede on that jdane. 

(624.) wliilo M and P revolve about S, and in the 

course of many revolutions of each are presented to each 
other and to S in all possible configurations, the node of PV 
orbit will always advance on MV when both bodies are on 
tlie same side of the line of nodes, and recede wlien on tla^ 
opposite. They will therefore, on an average, advani^e and 
recede during equal times (supposing tlie orbits nearly 
circular). And, therefore, if their acUance were at cacli 
instant of its duration equally rapid with tlmir recess at each 
corresponding instant during that phase of the movement, tlicy 



would merely oscillates to and i‘ro about a mean position, 
without any permanent motion in either direction. But tliis 
is not the case. The rapidity C)f their l ecess in every jjosition 
favoLiraJjle to recess is greatci* than that of tlmlr advance in 
the corresponding op|)ositc ])osition. To sliow this, let us 
consider any two configurations in wdfich MV phases are 
diaAietrically opposite, so that the triangles P 8 JNl, S M 
shall lie in one plane, having any inclination to PV orbit, 
ax'cording to the situation of P. Produce P S, and draw 
M m, MVn' perpendicular to it, which will therefore l)c 
equal Take M iV : M S :: M S" : M P^ and M' N' : M' S’ 
:: M/ : M' P^: then, if the orbits lie nearly circles, and 
therefore M S ^ M' S, N'M' will be less tlian MN; and 
tlierefore (since PM' is greater than PM) Pj\': PM' 
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in a greater ratio than P N : PM; and conso(iueritl v, by 
similar triangles, draAving ^ Uy 'N'n' perpendicular to PS, 
N' w' : M' m' in a greater ratio than 'Nn : M ???, and 
therefore is greater tlian N w.. Now the piano 

PM M' intersects P’s orbit in PS, and being inclined to 
fliat orbit at tlie same angle through its whole extent, if from 
N and N'pcr|)endicu]ars be conceived let fall on that orbit, 
these will be to each other in the proportion of N //, N' ; 
and therefore the perpendicular from N' Avill l)e greater than 
that from N. Now since by art. GIL N ' S and N S repre- 
sent in ([uantity and direction the total distiirlhng forces of 
]\I' and AI on P respectively, therefore these perpendiculars 
express (art. G15.) the orthogonal disturliing forces, the 
former of wliicli tends (as alioA e sliOAvn) to make the nodes 
recede, and the lattm* to advance ; and therefore the prepon- 
derance in every such pair of situations of AI is in favour of 
a retrograde motion. 

(G25.) Let us next consider the case wJiero the distaiico 
betAvecn the orliits is less than the semiaxis of tlie interior, 
or in which the least distance of AI from P is less than AI S. 



Take any situation of P with respect to the line of nodes 
A C. Tlicn two points d and e, distant by less than 120^ 
can be taken on the orbit of Af equidistant from P with S. 
Suppose AI to occupy successively every possible situatiofi in 
its orbit, P retaining its jdace ; — then, if it were not for the 
existence of the arc de^ in which the relations of art G24. are 
reversed, it would ajipear by the reasoning of that article 
•that the motion of the node is direct when AI occupies any 
part of the semiorbit F AI 11, and retrograde wlien it is in 
the opposite, but that the retrograde motion on the whole 
would predominate. Aluch more tlien will it predominate 
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when there exists an arc witliin which if M be placed, 
its action will produce a retrograde instead of a direct motion. 

(C2G.) This sui)|)oses that the arc de lies wholly in th(i 
semicircle IVB. But suppose it to lie, as in the annexed 
figure, pai’tly within and partly without th«vt circle. The 
greater part r/B necessarily lies within it, and not only so, 

but within that portion, tla^. 
point of M’s orbit nearest to 
P, in which, therefore, tlui 
retrograding force has its 
maxi mum, is situated. Al- 

A \ r 

^ tliough, tlierefore, in the por- 

tion B (?, it is true, the retrograde tendency otherwise general 
over the whole of that semicircle (Art. G24.) will be re- 
versed, yet the ellect of this will be mnch more than coun- 
terbalanced by the mo]*e energetic and more prolonged re- 
troixrade a(*tion over r/ B ; and, therefore, in this case also, 
on the average of every possible situation of M, the motion 
of the node will be retrocrade. 



(627.) Lotus lastly consider a, n interior planet disturbed by 
an exterior, fake M J) and M K (fig. of art. Gil.) each equal 
to MS. d hen first, when P is between D and the node A, 
l)elng mnirer than S to hi, the disturbing fiu'ce acts towards 
M’s orbit on the side on winch M lies, and tlie node recedes. It 
also recedes when (M retaining the same situation) P is in 
any part of the arc E C from K to the other node, becrause in 
that situation the direction of the disturbing force, It is true, 
is rev^ersed, hut tliat portion of P’s orbit being also reversely 
situated with resjxict to the plane of his, P is still urged 
towards the hitter plane, but on the side o[)posite to M. 
d'hus, (M holding its place) Avhenever P is anywhere in 
I) A or E the nodp recedes. On the otlicr hand, it 
advaiices wlicnev^cr P is between A and E or between 
C and -D, because, in these arcs, only one of the two dcler- 
mining elements (viz. the direction of the disturl)ing force 
with respect to the plane of P’s orbit ; and the situation of 
the one plane with respect to the other as to above and below) 
has undergone reversal. Now first, whenever M is anywhere 
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but in the line of nodes, the sum of the arcs 1) A and E C 
exceeds a. eeraiclrcle, and that the more, tlie nearer M is to 
a position at right angles to the line of nodes. Secondly, 
the arcs favourable to the recess of the node comprehend those 
Bituatlons in which the orthogonal disturbing fotce is most 
poAverful, and vice versa. This is evident, because as P 
approaches I) or E, this component decreases, and vanislies 
at those points (612.), The movement of the node itself 
also vanishes when P conies to the node, for although in this 
position the disturbing oi-thogonal force neither vanishes nor 
changes its direction, yet, since at the instant of P’s passing 
the node (A) the recess of the node is changed into an 
advance, it must necessarily at that point be stationary.* 
Owing to both these causes, therefore, (that the node recedes 
during a longer time than it advances, and that a more 
energetic force acting in its recess causes it to recede more 
rapidly,) the retrograde motion will preponderate on the 
Avhole in each complete synodi<5 revolution of P. And it is 
evident that the reasoning of this and the foregoing articles, 
is no way vitiated by a moderate amount of excentricity in 
either orbit. 

(628.) It is therefore a general proposition, that on the 
average of each complete synodic revolution, the node of 
every disturbed ])lanet recedes upon the orbit of the disturb- 
ing one, or in other words, that in every pair of orbits, the 

* Tt would se-eni, ut first siglit, as if a change per sallum took place hero, l)ii1 
the conlinuity of the node’s motion will be apparent tVoin an inspection of the 
annexed figure, where badis 3. portion of l*’s disturbed path near the node A, 



concave towards the plane O A. Tlie momentary place of the moving node in 
determined by the intersection of the tangent b e with A G, which as b passes 
through a tod, recedes from A to«, rests there for an instant, and then advances 
again. 
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node of eaeli recedes u])on the other, and of course upon any 
iiitcnncdiate plane which we may regard as fixed. On a 
plane not intennediate between them, however, the node of one 
orbit will advance, and tliat of the other will recede. Suppose 
for instance, C A C to he a plane intermediate between P P 



and M M the two orbits. If p p and in m be the new 
|)ositions of tlie orbits, tbe node of P on M will have receded 
from A to 5, that of M on P from A to 4, that of P and M 
on C C respectively from A to 1 and from A to 2. But if 
F A F be a ]>lane not intermediate, the node of ]\I on that 
jdane has receded from A to 6, but that of P will have 
advanced from A to 7. If the fixed plane have not a common 
intersection with those of l)oth orbits, it is e(|iially easy t(j 
see that the node of the disturbed orbit may oitlicr recede on 
both that plane and the disturbing orbit or advance on the 
one and recede on the other, according to the relative situation 
of tlic planes. 

(629.) This is the case witli the planetary orbits. They 
do not all intersect each other in a common node. Although 
perfectly true, therefore, that the node of any one planet 
would recede on the orbit of any and eacli oilier by tbe In- 
dividual action of that other, yet, when all act togctlicr, receSwS 
on one plane may be equivalent to advance on another, so 
that the motion of the node of any one orbit on a gi ven plane, 
arising from their joint action, taking into account the dificrent 
situations of all the planes, becomes a curiously complicated 
plnenomenon whoso law cannot be very easily expressed in 
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iroxila, tliongli reducible to strict numerical statement, being, 
in tact, a mei e geometrical result of what is above shown, 

(620.) The nodes of all the planetary orbits on the t?' 7 /e 
ecliptics, as a matter of fact, arc retrograde, though they are 
not all so on a fixed j)lanc, such as we may concehe to exist 
in the planetary system, and to be a plane of reference 
unaiTccted by their mutual disturbances. It is, however, to 
the ecliptic, that Ave arc under the necessity of referring 
their movements from our station in the system ; and if we 
would transfer our ideas to a fixed plane, it becomes necessary 
to take account of the variation of the ecliptic itself, jiroduced 
by the joint action of all the planets. 

(631.) Owing to the smallness of the masses of the planets, 
and their great distances from each other, the revolutions of 
their nodes are excessively slow, being in every .case less 
than a single degree ])er ceiituiy and in most cases not 
amounting to half that quantity. It is otherwise Avitli the 
moon, and that owing to two distinct reasons. First, that 
tlie disturbing force itself arising from the suiVs action, (as 
appears from the table given in art. 612.) bears a much 
larger jiroportlou to the earth’s central attraction on the 
moon than in the case of any jjlanet disturbed by any otlier. 
And secondly, because the synodic revolution of the moon, 
within which the average is struck, (and always on the side 
of recess) is only 29| days, a period much shorter than that 
of any of the pltiuets, and vastly so than that of several 
among them. All this is agreeable to what has already been 
stated (art. 407, 408,) respecting the motion of the moon’s 
nodes, and it Is hardly necessary to mention that, when cal- 
culated, as it has been, a priori from an exact estimalhni 
of ail the acting forces, the result is found to coincide ^vith 
perfect precision with that immediately derived from obser- 
vation, so that not a doubt can subsist as to this being tlie 
real process by which so remarkable an effect is produced. 

(632.) So far as the physical condition of each planet is 
concerned, it is evident that the position of their nodes can 
be of little importance. It is otherwise with the mutual 
inclinations of their orbits with respect to each other, and to 
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the equator of each. A varijitlou in the position of the 
ecliptic, for Instance, by wliich its pole should shift its distance 
from the })ole of the equator, would disturb our seasons. 
Should the plane of the earth’s orbit, for instance, ever be so 
clninged as to bring the ecliptic to coincide with the equator, 
we should liave perpetual spring over all the world ; and, on 
the other hand, should it coincide with a meridian, the 
extremes of summer and winter would become intolerable. 
The enquiry, tlien, of the variations of inclination of the 
planetary orbits mfer se^ is one of mucli higher practical 
interest than those of their nodes. 

(d33.) Ecferring to the figures of art. 610. e£ seq,^ it is 
evideiit that the plane S P y, in wdiich tlie disturbed body 
moves during an instant of time from its quitting P, h 
diflbrently inclined to the orbit of M, or to a fixed plane, 
from the original or undisturbed plane P S/?. Tlie ditfei’encc 
of absohite position of these two planes in space is the angle 
made between the planes P S R and P S r, and is therefore 
calcnlable by spherical trigonometry, when the angle B. Sr 
or the momcntaiy recess of the node is known, and also 
the Inclination of the jilanes of the orbits to cacli other. 
We perceive, then, that between the moinentary change of 
inclination, and the momentary recess of the node there 
exists an intimate rehitlon, and that the researcli of tlie one 
is in (act bound up in that of the otlier. This may be, 
perhaps, made clearer, by considering the orbit of P to be 
not merely an imnginary line, but an actual circle or elliptic 
hoop of some rigid material, without inertia, on which, as on 
a wire, tlie body P may slide as a bead. It is evident that 
the position of this hoop will be determined at any instant, 
by its inclination to the ground plane to whi(jh it is referred, 
and by the place of its interKsection therewith, or node. It 
will also be determined* by the momentary direction of P’s 
motion, which (having no inertia) it must obey; and any 
change by which P should, in the next instant, alter its 
orbit, would be equivalent to a shifting, bodily, of the whole 
hoop, changing at once its inclination and nodes. 

(634.) One immediate conclusion from what has been 



CIIAXOE OF IXCLINATIOX* 433 

pointed out above, is that where the orbits, as in the case of 
the planetary system and the moon, are slightly inclined to 
one another, the momentary variations of the inclination are 
of an order much inferior in magnitude to those in the place 
of the node. This is evident on a mere inspection of our 
figure, the angle R P r being, by reason of the small in- 
clination of the planes S P R and R S r, necessarily much 
smaller than the angle R S r. In proportion as the planes 
of the orbits are brought to coincidence, a very trifling 
angular movement of P p about P S as an axis will make a 
great variation in the situation of the point r, where its 
prolongation intersects the ground plane. 

(635.) Referring to the figure of art. 622., we perceive 
that although tlie motion of the node is retrograde whenever 
the momentary disturbed arc P Q lies between the planes 
C A and (. G A of the two orbits, and vice versa^ indifferently 
whether P be in the act of receding from the plane C A, as 
in the quadrant C G, or of approacliing to it, as in G A, yet 
the same identity as to the ehanicter of the change does not 
subsist in respect of the inclination. The inclination of the 
disturbed orbit (i. e, of its momentary element) P 5 ^ or Vq^y 
is metisured by the spherical angle P r H or P H. Now 
in the rjuadrant C G, P r H is less, and P r' H greater than 
P C H ; but in G A, the converse. Hence this rule : — 
1 st., If the disturbing force urge P towards the plane of 
M’s orbit, and the undisturbed motion of P carry it also 
towards that plane ; and 2 dly, if the disturbing force urge 
P from that plane, while P’s undisturbed motion also carries 
it from it, in cither case tlie inclination momentarily in- 
creases ; but if, 3dly, the disturbing force act to, and P’s 
motion carry it from — or if the force act from, and •t he 
motion carry it to, that plane, the inclination momentarily 
diminishes. Or (including ail the cases under one nlternative) 
if the action of the disturbing force and the undisturbed 
motion of P with reference to the plane of jM’s orbit be of 
the same character, the inclination increases ; if of contrary 
characters, it diminishes. 

f636.) To pass from the momentary changes which take 

F F 
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place in the relations of nature to the accumulated effects 
produced in* considerable lapses of time by tlie continued 
action of the same causes, under circumstances varied by 
these very effects, is tlie business of the integral calculus. 
Without going into any calculations, however, it will be 
easy for us to demonstrate from the principles above laid 
down, the leading features of thivS part of the planetary 
theory, viz. tlie periodic nature of the change of the inclina- 
tions of two oi'bits to each other, the re-establishment of 
their original values, and the consequent oscillation of each 
plane about a certain mean position. As in explaining the 
motion of the nodes, we will commence, as the simplest case, 
with that of an extex'ior planet disturbed by an interior one 
at less than half its distance from the central body. Let 
A C A' be the great circle of the heavens into whicli M’s 
orbit seen from S is projected, extended into a straight line, 
and A ff C h A' the corresponding projection of the orbit 
of P so seen. Let M occupy some fixed situation, suppose 
in the semicircle A C, and let P describe a complete revolu- 
tion from A through g C A to A'. Then while it is between 
A and g or in its first quadrant, its motion is from the plane 
of M’s orbit, and at the same time the ortliogonal force acts 
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from that plane : the inclination, therefore, (art. 635.) in- 
creases. In the second quadrant the motion of P is to^ biit 
the ibree continues to act from, the plane, and the inclination 
again decreases. A similar alternation takes place in its 
course through the quadrants C h and h A. Thus the plane 
of P’s orbit oscillates to and fro about its mean position twice 
in each revolution of P. During this process if M held a* 
fixed position at G, the forces being symmetrically alike on 
either side, the extent of these oscillations would be exactly 
equal, and the inclination at the end of one revolution of P 
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would revert precisely to its original value. But if M be 
elsewhere, this will not be the case, and in a single revolution 
of P, only a partial compensation will be operated, and an 
overplus on the side, suppose of diminution, will remain out- 
standing. But when M comes to M', a i)oint equidistant 
from G on the other side, this effect will be precisely reversed 
(supposing the orbits circular). On the average of both 
situations, therefore, the effect will be the same as if M were 
divided into two equal portions, one placed at M and the 
other at M', winch will anniliilate the preponderance in 
question and effect a perfect restoration. And on an average 
of all possible situations of M, the effect will in like manner 
be the same as if its mass were distributed over the whole 
circumference of its orbit, forming a xnng, each portion of 
which will exactly destroy the effect of that similarly situated 
on the opposite side of the line of nodes. 

(637.) The reasoning is precisely similar for the more 
complicated cases of arts. (625.) and (627,). Suppose that 
owing cither to the proximity of the two orbits, (in the case 
of an exterior disturbed planet) or to the disturbed orbit 
being interior to the disturbing one, there were a larger or 
less portion, d c, of P’s orbit in which these relations were 
reversed. Let M he the position of RL corresponding to 
d f?, then taking G M' — G M, there will be a similar portion 
rf' c' bearing precisely the same reversed relation to M', and 
therefore, the actions of M' M, will eciually neutralize each 
other in this as in the former state of things. 

(638.) To operate a complete and rigorous compensation, 
however, it is necessary that M should be presented to P in 
every possible configuration, not only with respect to P ijself^ 
but to the line of nodes, to the position of wfiich line the 
whole reasoning bears reference. In* the case of the moon for 
example, the disturbed body (the moon) revolves in 27*^*322, 
the disturbing (the sun) in 365^*256, and the line of nodes 
in 6793*^*391, numbers in proportion to each other about as 
1 to 13 and 249 respectively. Now in 13 revolutions of P, 
and one of M, if the node remained fixed, P would have 
been presented to M so nearly in every configuration as to 
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operate an al] most exact compensation. But in 1 revolution 
of M, or 13%f P, tlie node itself lias sliifted or about 
of a revolution, in a direction opposite to the revolutions of 
M and P, so that although P has been brought back to the 
same configuration Avith respect to M, both are of a 
revolution in advance of the same configuration as respects 
the node. The compensation, therefore, A^ill not be exact, 
and to make it so, this process must be gone through 19 
times, at the end of which both the bodies will be restored 
to the same relative position, not only with respect to each 
other, but to the node. The fractional parts of entire 
revolutions, which in this explanation have been neglected, 
arc evidently no farther influential than as rendering the 
compensation thus operated in a revolution of the node 
slightly inexact, and thus giving rise to a compound period 
of greater duration, at the end of which a compensation almost 
mathematically rigorous, avIH have been effected. 

(639.) It is clear then, that if the orbits be circles, the 
lapse of a very moderate number of reA^olutions of the bodies 
will very nearly, and that of a revolution of the node almost 
exactly, bring about ^perfect restoration of the inclinations. 
If, hoAvever, we suppose the orbits excentric, it is no less 
evident, OAving to tlie want of SA^mmclry in the distribution 
of the forces, that a perfect compensation Avill not be effected 
either in one or in any number of revolutions of P and M, 
independent of the motion of the node itself, as there Avill 
alwa;^'s be some configuration more fevourable to either an 
increase of inclination than its opposite is unfevoiirable. 
Thus will arise a change of inclination Avhicli, Avere the 
nodes and apsides of the orbits fixed, Avould be always pro- 
gressive in bne direction until the planes Avere brought to 
coincidence. But, 1st, half a revolution of the nodes would of 
itself reverse the direction of this progression by making the 
position in question favour the opposite movement of In- 
clination; and, 2dly, the planetary aj)sides are themselves’ 
in motion with unequal velocities, and thus the configuration 
whose influence destroys the balance, is, itself, always 
shifting its place on the orbits. The A^ariations of incHnatiou 
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flependent on the excentricities are therefore, like those 
independent of them, periodical, and being, moreover, of an 
order more minute (by reason of the smallness of the 
excentricities) than the latter, it is evident that the total 
variation of the planetary inclinations must fluctuate within 
very nan*ow limits. Geometers have accordingly demon- 
strated by an accurate analysis of all the circumstances, and 
an exact estimation of the acting forces, that such is the case ; 
and this is what is meant by asserting the stability of the 
planetary system as to the mutual inclinations of its orbits. 
By the researches of Lagrange (of whose analytical conduct 
it is impossible here to give any idea), the following elegant 
theorem has been demonstrated : — 

the mass of everi/ j^lanet be multiplied by the square root 
of the major axis of its orbits and the product by the square 
of the tangent of its inclination to a fixed plane^ the sum of all 
these products ivill be constantly the same under the influence of 
their mutual attraction^ If the present situation of the plane 
of the ecliptic be taken for that fixed plane (the ecliptic itself 
being variable like the other orbits), it is found that this sum is 
actually very small: it must, therefore, always remain so. This 
remarkable theorem alone, then, would guarantee the stability 
of the orbits of the greater planets; but from what has above 
been shown of the tendency of each planet to work out a 
compensation on every other, it is evident that the minor 
ones are not excluded from this beneficial arrangement. 

(640.) Meanwhile, there is no doubt that the plane of the 
ecliptic does actually vary by the actions of the planets. 
The amount of this variation is about 48'' per century, and 
has long been recognized by astronomers, by an increase 
of the latitudes of all the stars in certain situations, and their 
dimmutlon in the opposite regions. Its effect is to bring the 
ecliptic by so much per annum nearer to <x)incidence with 
the equator ; but from what we have above seen, this 
diminution of the obliquity of the ecliptic will not go on 
beyond certain very moderate limits, after which (although 
in an immense period of ages, being a compound cycle 
resulting from the joint action of all the planets^) it will 
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^ igam increase, and thus oscillate backward and forward about 
I a mean position, the extent of its deviation to one sitle and 
i the other being less than 1^ 21'. 

(641.) One effect of this variation of the plane of the 
ecliptic, — that which causes its nodes on a fixed plane to 
change, — is mixed up with the precession of the equinoxes, 
and undistinguishable from it, except in theory. This last- 
mentioned phfienomenon is, however, due to another cause, 
analagous, it is true, in a general point of view, to those above 
considered, but singularly modified by the circumstances 
under which it is produced. We shall endeavour to render 
these modifications intelligible, as far as they can be made so 
without the intervention of analytical fomiulfe. 

(642.) The precession of the equinoxes, as we have shown 
in art. 312., consists in a contmual retrogradation of the node 
of the earth’s equator, on the ecliptic ; and is, therefore, 
obviously an effect so far ahalogous'lo the general phaE!- 
nomenon of the retrogradation of the nodes of the orbits 
on each other. The immense distance of the planets, 
however, compared v/^ith the size of the earth, and the 
smallness of their masses compared to that of the sun, puts 
their action out of the question in the enquiry of its cause, 
and we must, therefore, look to the massive though distant 
sun, and to our near though minute neighbour, the moon, for its 
explanation. This will, accordingly, be found in their dis- 
turbing action on the redundant matter accumulated on the 
equator of the earth, by which its figure is rendered spheroidal, 
combined with the earth’s rotation on its axis. It is to the 
sagacity of Newton that we owe the discovery of this singular 
mode of action. 

(64§.) Suppose in our figure (art. 611.) that instead of 
one body, P, revolving round S, there were a succession of 
particles not coherent, but Terming a kind of fluid ring, free 
to change its form by any force applied. Then, wliile this 
ring revolved round S in its own plane, under the disturbing 
influence of the distant body M, (which now represents the 
moon or the sun, as P does one of the particles of the 
earth’s equator,) two things would happen : Ist, its figure 
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would be bent out of a plane into an undulated form, thos# 
parts of it within the arcs D A and E C being rendered more 
inclined to the plane of M’s orbit, and those within the arcs 
A E, C D, less so than they would otherwise be ; 2dly, 
the nodes of this ring, regarded as a whole, without re- 
spect to its change of figure, would retreat upon that 
plane. 

(644.) But suppose this ring, instead of consisting of discrete 
molecules free to move independently, to be rigid and 
incapable of such flexure, like the hoop we have supposed in 
art. 633., but having inertia, then it is evident that the effort 
of those parts of it whicli tend to become more inclined will 
act through the medium of the ring itself (as a mechanical 
engine or lever) to counteract the effort of those which have at 
the same insta:nt a contrary tendency. In so far only, then, as 
there exists an excess on the one or the other side will 
the inclination change, an average being struck at every 
moment of the. ring’s motion ; just as was shown to happen 
in the view we have taken of the inclinations, in every com- 
plete revolution of a single disturbed body, under the influ- 
ence of a fixed disturbing one- 

(645.) Meanwhile, however, the nodes of the rigid ring 
will retrograde, the general or average tendency of the nodes 
of every molecule being to do so. Here, as in the other case, 
a struggle will take place by the counteracting efforts of the 
molecules contrarily disposed, propagated through the solid 
substance of the ring ; and thus at every instant of time, an 
average will be struck, which being identical in its nature 
with that effected in the complete revolution of a single 
disturbed body, will, in every case, be in favour of a recess 
of the node, save only when the disturbing body, be sun 
or moon, is situated in the plane of the earth’s equator. 

(646.) This reasoning is evidently independent of any 
consideration of the cause which maintains the rotation of the 
ring; whether the particles be small satellites retained in 
circular orbits under the equilibi^ated action of attractive and 
ccntrifrugal forces, or whether they be small masses conceived 
as attached to a set of imaginary spokes, as of a wheel. 
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I^entering in S, and free only to shift their planes by a mo- 
tion of those spokes perpendicular to the plane of the wheel. 
This makes no difference in the general effect ; though the 
different velocities of rotatitm, which may be impressed on 
such a system, may and will have a very great influence both 
on the absolute and relative magnitudes of the two effects in 
question — the motion of the nodes and change of inclination. 
This will be easily understood, if we suppose the ring without 
a rotatory motion, in which extreme case it is obvious that so 
long as M remained fixed there would take place no recess 
of nodes at all, but only a tendency of the ring to tilt its plane 
round a diameter perpendicular to the position of M, bringing 
it towards the line S M, 

(647.) The motion of such a ring, then, as we have been 
considering, would imitate, so far as the recess of the nodes 
goes, the precession of the equinoxes, only that its nodes would 
retrograde far more rapidly than the observed precession, which 
is excessively slow. But now conceive this ring to be loaded 
with a spherical mass enormously heavier than itself, placed 
* concentrically within it, and cohering firmly to it, but in- 
different, or very nearly so, to any such cause of motion ; and 
suppose, moreover, that instead of one such idng there are a 
vast multitude heaped together around the equator of such 
a globe, so as to form an elliptical protuberance, enveloping 
it like a shell on all sides, but wliose mass, taken together, 
should form but a very minute fraction of the wdiole spheroid. 
We have now before us a tolerable representation of the case 
of nature * ; and it Is evident that the rings, having to drag 
round with them in their nodal revolution^ this great inert 

• That a perfect sphere would be so inert and indifferent as to a revolution 
of the iy>des of its equator under the influence of a distant attracting body appears 
from this.— 'that the direction 6T the resultant attraction of such a body, or of 
that single force which, opposed, would neutralize and destroy its whole action, 
is necessarily in a line passing thi'ough the center of the sphere, and, therefore, 
can have no tendency to turn the sphere one way or other. It may be olyected 
by the reader, that the whole sphere may be conceived as consisting of rings 
parallel to its equator, of every possible diameter, and that, therefore, its nodes 
should retrograde even without a protuht?rarit equator The inference is incorrect, 
but our limits will not allow us to go into an exposition of the fallacy. We 
should, however, caution him, generally, that no dynatnical subject is open to 
more mistakes of this kind, which nothing but the closest attention, in every 
varied point of view, will detect. 
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mass, will have their velocity of retrogradation proportionally 
dinimished* Thus, then, It is easy to conceive how a motion 
similar to the precession of the equinoxes, and, like it, 
characterized by extreme slowness, will arise from the clauses 
in action. It may seem at first sight paradoxical that the 
•whole effect of the external attraction should terminate in the 
production of such a movement, without producing any 
change in the inclination of the equator to the ecliptic. But 
a due consideration of the reasoning in arts. 636, 637. will 
make it evident that for every particle in the revolving ring, 
(in every situation of the disturbing body) whose change of 
motion would tend to create a change of inclination in one 
direction, there exists another, exercising an equal tendency 
of an opposite kind. 

(648.) Now a recess of the node of the earth’s equator, 
upon a given plane, corresponds to a conical motion of its axis 
round a perpendicular to that plane. But in the case before 
us, that plane is not the ecliptic, but the moon’s orbit for the 
time being ; and it may be asked how we are to reconcile this 
with what is stated in art. 317. respecting the nature of the 
motion in question. To this we rej>ly, that the nodes of the 
lunar orbit, being in a state of continual and rapid retrograda* 
tion, while its inclination is preserved 
nearly invariable, the point in the sphere 
of the heavens round which the pole of 
the earth’s equator revolves (with that 
extreme slowness characteristic of the 
precession) is itself in a state of con*- 
tiniial circulation round the pole of the 
ecliptic^ with that much more rapid mo- 
tion which belongs to the lunar itodc. 
A glance at the^ annexed figure will ex- 
plain this better than words. P is tlic 
pole of the ecliptic, A the pole of the moon’s orbit, moving 
' round the small circle A B C D In 19 years ; a the pole of 
the earth’s equator, which at each moment of its progress 
has a direction perpendicular to the varying position of the 
line A a, and a velocity depending on the varying intensity 
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of the acting causes during the period of the nodes. This 
velocity however being extremely small^ when A comes to 
B) C, D, E, the line A a will have taken up the positions 
B h, C c^T) rf, E and the earth’s pole a will thus, in one 
tropical revolution of the node, liave arrived at havinp; 
described not an exactly circular arc a but a single undu- 
lation of a nave-shape or epicycloidal curve, ah c d with 
a velocity alternately greater and less than its mean motion, 
and this will be repeated In every succeeding revolution of 
the node. 

(649.) Now this is precisely the hind of motion which, as 
we have seen in art. 325., the pole of the earth’s equator 
really has round the pole of the ecliptic, in consequence of the 
joint effects of precession and nutation, which are thui> 
uranographieally represented. If we superadd to the eflect 
of lunar precession tliat of the solar, which alone would cause 
the pole to describe a circle uniformly about P, this will 
only affect the undulations of our waved curve, by extending 
them in length, but will produce no effect on the depth 
of the waves, or the excursions of the earth’s axis to and from 
the pole of the ecliptic. Thus we sec that the two phaenomena 
of nutation and precession are intimately connected, or rather 
botli of tiiem essential constituent parts of one and the same 
plucnoinenon. It is hardly necessary to state that a rigorous 
analysis of this great problem, by an exact estimation of all 
the acting forces and summation of their dynamical effects, 
leads to the precise value of the coefficients of precession 
and nutation, which observation assigns to them. The solar 
and lunar portions of the j)recession of the equinoxes, that is 
to say, those portions wliich are uniform, arc to each other 
in tke proportion of about 2 to 5. 

(650.) In the nutation of tlie earth’s axis we have an ex- 
amj)lc (the first of its kind which has occurred to us) of a 
periodical movement in one part of the system, giving rise to 
a motion having the? same precise ijcriod in another. The » 
motion of the moon’s nodes is here, we see, represented, 
though under a very different form, yet in the same exact 
periodic time, by a movement of a peculiar oscillatory kind 
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impressed on the solid miLss of the earth. We must not let 
the opportunity pass of generalizing the principle involved in 
this result, as it is one which we shall find again and again 
exemplified in every part of physical astronomy, nay, in every 
department of natural science. It may be stated as the 
principle of forced oscillations, or of forced vibrations,” and 
thus generally announced : — 

If one part of any system connected either by material ties, or 
by the mutual attractions of its 7nemhers, be continually inain^ 
tained by any cause^ whether inherent in the constitution of the 
system or external to if^ in a state of regular periodic motion^ 
that motion ivill be propagated throughout the whole system 
and will give rise^ in every member of it^ and in every part of 
each memher^ to periodic movements executed in equal period^ 
with that to which they vice their origin ^ though not necessarily 
synchronous urith them in their maxima and minima. * 

The system may be favourably or unfavourably constituted 
for such a transfer of periodic movements, or lavourably in 
some of its parts and unfavourably in others ; and accordingly 
as it is the one or the other, the derivative oscillation (as it 
may bo termed) will be iin?)ereeptible in one case, of appre- 
tiable magnitude in another, and even more perceptible in its 
visible effects than the original cause in a third; of this last 
hind we liave an instance in the moon’s accelex’ation, to be 
hereafter noticed. 

(651.) It so happens that our situation on the earth, and 
the delicacy which our observations liave attained, enable us 
to make it as it were an instrument to fe(d these forced 
vibrations, — these derivative motions, communicated from 
various quarters, especially from our near neighbour, the 
moon, much in the same way as we detect, by the trembling 
of a board beneath us, the secret transfer of motion by w hicli 
the sound of an organ pipe is dispersed througli tlie air, and 
carried down into the earth. Accordingly, the monthly re- 

• See a demonstration of this theorem for the forced vihrations of system, 
connected by material ties of imperfect elasticity, in my tre;aise on Sound., 
Eiicyc. Metrop. art. :C23. The demonstration is easily extended and generalized 
to take in other systems 
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volution of the moon, and the annual motion of the sun, 
I)roducc, each of them, small nutations in the earth’s axis, 
whose periods are respectively half a month and half a year, 
each of which, in this view of the subject, is to be regarded 
as one portion of a period consisting of two equal and similar 
j)arts. But tlic most remarkable instance, by far, of this 
propagation of periods, and one of high importance to man- 
kind, is that of the tides, which are forced oscillations, excited 
by the rotation of the earth in an ocean disturbed from its 
figure by the varying attractions of the sun and moon, each 
revolving in its own orbit, and propagating its own period 
into the joint pha3nomenon. The explanation of the tides, 
however, belongs more properly to that part of the general 
subject of perturbations which treats of the action of the 
radial component of the disturbing force, and is therefore 
postponed to a subsequent chapter. 
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CHAPTEE XIII. 

THBOEY OF THE AXES, PERIHELIA, AND EXCEN- 
TRICITIES. 


“ Incipiunt rnagni procedere menses.”— -Virg, Pollio, 


VARIATION OF ELEMENTS IN GENERAL. — DISTINCTION BETWEEN 
PERIODIC AND SECULAR VARIATIONS. — GEOMETRICAL EXPRESSION 
OF TANGENTIAL AND NORMAL FORCES. — VARIATION OP THE AIAJOR 
AXIS PRODUCED ONLY BY THE TANGENTIAL FORCE. — LAGRANGP/s 
THEOREM OF THE CONSERVATION OF THE MEAN DISTANCES AND 

PERIODS. THEORY OF THE PERIHELIA AND EXCENTKJCITIES.— 

— GEOMETRICAL REPRESENTATION OF THEIR MOMENTARY VAIUA- 
TIONS. — ESTIMATION OF THE DISTURBING FORCES IN NEARLY 
CIRCULAR ORBITS. — APPLICATION TO THE CASE OF THE MOON. — 
THEORY OF THE LUNAR APSIDES AND EXCENTRICITT. — EXPE- 
RIMENTAL ILLUSTRATION. — APPLICATION OF THE FOREGOING 
PRINCIPLES TO THE PLANETARY THEORY. — COMPENSATION IN 
ORBITS VERT NEARLY CIRCULAR. — EFFECTS OF ELLIPTlClTY. — 
GENERAL RESULTS.—- LAGRANGE’s THEOREM OF THE STABILITY 
OF THE EXCENTRICITIES. 

(652 .) In the foregoing chapter we have sufficiently ex- 
plained the action of the orthogonal component of the dis- 
turbing force, and traced it to its results in a continual 
displacement of the plane of the disturbed orbit, iii virtue of 
which the nodes of that plane alternately advance and recede 
upon the phine of the disturbing body’s orbit, with a general 
preponderance on the side of advance, so as after the lapse 
of a long period to cause the nodes to make a complete rev o- 
lution and come round to their foymer situation. At the 
sjime time the inclination of the plane of the disturbed mo- 
tion continually changes, alternately increasing and diminish- 
ing ; the increase and diminution however compensating each 
other, nearly in single revolutions of the disturbed and dis- 
turbing bodies, more exactly in many, and with perfect 
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accuracy in long periods, such as those of a complete revo- 
lution of the nodes and apsides. In the present and follow- 
ing chapters we sliall endeavour to trace the effects of the 
other components of tlie disturbing force, — those which act 
in the plane (for the time being) of the disturbed orbit, and 
which tend to deniiigc the elliptic form of tlie orliit, and the 
laws of elliptic motion in that plane. The ^ mall inclination, 
generally speaking, of the orbits of the planets and satellites 
to each other, permits us to separate these effects in theory 
one from tlie other, and tliereby greatly to simplify their 
consideration. Accordingly, in what follows, we shall tlirough- 
out neglect the mutual inclination of the orbits of the dis- 
turbed and disturbing bodies, and regard all the forces as 
acting and all the motions as performed in one plane. 

(653.) In considering the changes induced by the mutual 
action of two bodies in different aspects with respect to each 
other on the magnitudes and forms of their orbits and in 
their positions therein, it will be projicr in the first instance 
to explain the conventions under winch geometers and as- 
tronomers have alike agreed to use the language and laws of 
the elli})tlc system, and to continue to apply them to disturbed 
orbits, although those orbits so disturbed are no longer, in 
mathematical strictness, ellipses, or any known curves. This 
they do, partly on account of the convenience of conception 
and calculation which attaches to this system, but much more 
for this reason, — that it is found, and may be demonstrated 
from the dynamical relations of the case, that the departure 
of each planet from its ellipse, as dctemiined at any epoch, is 
capable of being truly represented, by supposing the ellipse 
itself to be slowly variable, to change its magnitude and 
excOitricity, and to shift its position and the plane In which 
it lies according to certain laws, while the planet all the time 
continues to move in this ellipse, just as it would do if the 
ellipse remained invariable and the disturbing forces had no 
existence. By this way of considering the subject, the whole 
effect of the disturbing forces is regarded as thrown upon 
the orbit, while the relations of the planet to that orbit 
remain unchanged. This course of procedure, indeed, is the 
most natural, and is in some sort forced upon ns by the 
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extreme slowness with wliich the variations of the elements, 
at least where the planets only are concerned, developc 
themselves. For instance, the fraction expressing the ex- 
centricity of the earth’s orbit changes no more than 0*00004 
In its amount in a century ; and the place of its perihelion, as 
referred to the sphere of the heavens, by only 19' 39'' in the 
:<ame time. For several years, therefore, it would be next 
to impossible to distinguish between an ellipse so varied and 
one that had not varied fit all ; and in a single revolution, the 
difference between the original ellipse and the curve really 
represented by the varying one, is so excessively minute, 
that, if accurately drawn on a table, six feet in diameter, the 
nicest examination with microscopes, continued along tlie 
whole outlines of the two curves, would hardly detect any 
perceptible interval l)etween them. Not to call a motion so 
minutely conforming itself to an elliptic curve, eUipticy would 
be affectation, even granting the existence of trivial departures 
alternately on one side or on the other ; though, on the other 
hand, to neglect a variation, Avliich continues to accumulate 
from age to age, till it forces itself on our notice, Avould be 
wilful blindness. 

(654.) Geometers, then, have agreed in caeli single re- 
volution, or for any moderate interval of time, to regard the 
motion of each planet as elliptic, and performed according to 
Kepler’s laws, with a reserve in favour of those very small 
and transient fluctuations which take place within that time, 
hut at the same time to regard all the elements of each ellipse 
as in a continual, though extremely slow, state of change; 
and, in tracking the elfects of perturbation on the system, they 
take aceount principally, or entirely, of this change of tlic 
elements, as that upon Avhich any material change Im the 
great features of the system will ultimately depend. 

(655.) And here we encounter the distinction between 
what are termed secular variations, and such as are rapidly 
periodic, and are compensated in short intervals. In our 
exposition of the variation of the inclination of a disturbed 
orbit (art. 636.), for instance, we showed that, in each single 
revolution of the disturbed body, the plane of its motion 
underwent fluctuations to and fro in hn inelloation to that of 
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the disturbing body^ which nearly compensated each other; 
leaving, however, a portion outstanding, which again is 
nearly compensated by the revolution of the disturbing body, 
yet still leaving outstanding and uncompensated a minute 
portion of the change which requires a whole revolution of 
the node to compensate and bring it back to an average or 
mean value. Now, the two first compensations which are 
operated by the planets going through the succession of 
configurations with each other, and therefore in comparatively 
short periods, are called periodic variations ; and the deviations 
thus compensated are called inequalities depending on conjigu’- 
rations ; while the last, which is operated by a period of the 
node (one of the elements), has nothing to do with the con- 
figurations of the individual planets, requires a very long 
period of time for its consummation, and is, therefore, distin- 
guished from the foinner by the term secular variation. 

(656.) It is true, that, to afford an exact representation of 
the motions of a disturbed body, whether planet or satellite, 
both periodical and secular variations, with their corresponding 
inequalities, require to be expressed ; and, indeed, the former 
even more than the latter ; seeing that the secular inequalities 
are, in fact, nothing but what remains after the mutual 
destruction of a much larger amount (as it very often Is) of 
periodical. JJut these are in their nature transient and 
temporary : they disappear in short periods, and leave no 
trace. The planet is temporarily drawn from its orbit (its 
slowly varying orbit), but forthwith returns to it, to deviate 
presently as much the other way, while the varied orbit 
accommodates and adjusts itself to the average of these 
excursions on either side of it ; and thus continues to present, 
for atsuccession of indefinite ages, a kind of medium picture 
of all that the planet has been doing in their lapse, in which 
the expression and character is preserved ; but the individual 
features are merged and lost. These periodic inequalities, 
however, are, as we hav(3 observed, by no means neglected, 
but it is more convenient to take account of them by a separate 
process, independent of tlie secular variations of the elements. 

(657.) In order to avoid complication, while endeavouring 
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to <X^\o tlio reader an insight into botli kinds of variations, 
we shall for the present conceive all the orbits to lie in one 
plane, and confine our attention to the case of two only, that 
oi* the disturbed and disturbing body, a view of the 
subject which (as we have seen) coinpreheiids the case of the 
moon disturbed by the sun, since any one of tlie bodies may 



be regarded :is fixc^l at ]>loasure, provided we conceive all its 
motions transferred in a contrary direction to each of the 
others. Let therefoi e A P B be the undisturbed elliptic 
orbit of a [>lanet ; M a disturbing body, join M 1^, and 
supposing M K = M S take M N : M K :: M : M P^. 
Then if SN be joined, N S will represent the disturbing 
force ot' M or P, on the scale that S M represents JVPs 
attraction on S. Siif'-pose Z P Y a tangent at P, S Y per- 
pendicular to it, and N T, N L perpendicular respectively to 
S Y and P S produced. Hien will N T r(‘[)rcsent the tan- 
gential, T S the normal, N L the transversal, and L S rfto 
radial components of the disturbing force. In circular orbits 
or orlnts only slightly elliptic, the directions S L and S Y 
are nearly coincident, and the former [mir of forces will differ 
but slightly from the Iatt(T. We shall here, however, take the 
general case, and proceed to invcstigiito in an elliptic orbit 
of any degree of excentrievity the momentary changes pro- 
duced l>v flic action of the distnrhinir force' in those elements 
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on whicli the magnitude, situation, and form of the orbit 
depends ( 2 . the length and position of the major axis and 
the exccutricity), in the ^ame way as in the last chapter we 
determined the inoinentaiy cluinges of the inclination and 
node similarly produced by the orthogonal force. 

(658.) We feliall begin with the momentary yariation m 
the leiifjth of the axis, an element of the first iinportancc, as 
on it depends (art. 487) the periodic time and mean angular 
motion of the })lanet, as well as the average supply of liglit 
and heat it receives in a given time Iforn the snn, any j)ertna- 
nent or constantly progressive change in which would alter 
most materially the conditions of existence of living beings 
on Its surface. Now it is a property of elliptic motloix per- 
formed under the influence of gravity, and in conformity with 
Kepler’s laws, thrit if the velocity with which a planet moves 
at any point of its orbit be given, and also the distance of 
that point from the sun, the major axis of the orbit is thereby 
also given. It ivS no matter in wliat direction the ])Ianet in;iy 
be moving at that moment. This will influence the cxcen- 
tricity and the position of its ellipse, but not its IcngtlL This 
property of elliptic motion has been demonstrated by Newton, 
and is one of the most obvious and clement nry conclusions 
from bis theory. Let us now consider a planet describing an 
indefinitely small arc of its orbit about the sun, under the 
joint influence of its attractioii, and the disturbing power of 
another planet, ddiis arc will have some certain curvature 
and direction, and, tliereforc, may be considered as an arc of 
a certain ellipse described about the sun as a focus, for this 
plain reason, — that whatever be the curvature and direction 
of the arc in question, an ellipse may always be assigned, 
whose focus shall be in the sun, and wdiicli shall coincide 
with it throughout the whole interval (supposed indefinitely 
small) between its extreme points. This is a matter of pure 
geometry. It docKS not follow, hoxvever, that the ellipse thus 
instantaneously detennined will have the same elements as that 
similarly determined from the arc described in either the 
previous or the subsequent instant. If the disturbing force 
did not exist, this xvould be the case; but, by its action, a 
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variation of the element from instant to instant is produced, 
Mild the ellipse so determined is in a continual state of change. 
Now when the planet has reached the end of the small arc 
under consideration, tlic question whether it will in .the next 
instant describe an arc of an ellipse having the same or a 
varied axis Avill depend, not on the new direction impressed 
upon it by the acting forces, — for the axis, as we have seen, 
is independent of that direction, — not on its change of distance 
from the snn, while describing the former arc, — for the 
elements of that arc are accommodated to it, so that one and 
the same axis must belong to its beginning and its end. 
The question, in short, whether in the next ai’C it shall take 
up a new major axis or go on with the old one will depend 
solely on this — whether its velocity or has not undergone 
a change by the action of the disturbing force. For the 
(•(Uitral force residing in the focus can impress on it no such 
change of velocity as to be incompatible with the permanence 
of its ellipse, seeing that it is by the action of that force that 
rile velocity is maintained in that due proportion to the 
distance ivhich elliptic motion, as such, requires. 

((159.) Thus we sec that the momentary variation of the 
major axis depends on nothing but the momentary deviation 
fVoin the law of elliptic velocity produced by the disturbing 
force, without the least regard to the direction in winch that 
ex trail eons velocity is impressed, or the distance from the sun 
at which the planet may be situated, at the moment of its 
impression. Nay, we may even go flirther, for, as this holds 
good at every instant of its motion, it will follow, that after 
the lapse of any time, however great, the total amount of 
change which the axis may have undergone will be determined 
only by the total deviation produced by the action of tlie 
disturbing force in tlie velocity of the. disturbed body from 
tliat which it would have had in its undisturbed ellipse, at the 
same distance from the center, and that therefore the total 
airioimt of change produced in the axis in any lapse of time 
may be estimated, if we know at every instant the efficacy 
of the disturbing force to a, Iter the velocity of the body’s 
motion, and that without any regard to the alterations which 
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the action of that force may luive piTxhiccd in the other 
elements of the motion in the same time. 

(660.) Now it is not tluM\diolcdistiirl)ia;:^ Awce which iseflec- 
tive in changing P’s velocity, but only its tangential coin]>onent. 
The normal component tends merely to alter the curvature of 
the orbit or to deflect it into conformity ^vitll a circle of cur- 
vature of greater or lesser radius, as the case may be, and in 
no way to alter the velocity. ITcnce it ajipears that the 
variation of the lemjtli qf the axis is due entireb/ to the iangen-- 
tin I force^ and is quite independent on the normaL Now it is 
easily shown that as the velocity increases, the axis increases 
(the distance remaining unaltered though not in the same 
exact proportion. Hence it follows tliat if the tangential 
disturbing force consjrires with the motion of P, its momentary 
action increases tlic axis of the disturbed orbit, whatever be 
the situation of P in its orbit, and vice vei'sd. 

(661.) Let A S B (lig. art. 657.) be the major axis of the 
ellipse A B, and on the opposite side of A B take two points 
P' and M", similarly situated with respect to the axis with P 
and M on tlieir side. Then if at P' and M' bodies equal to 
P and M l)e placed, the forces exerted by ]\P on P' and S 
will be eqvial to those exerted by M on and S, and there- 
fore the tangential disturbing force of i\P on 1^' exerted in 
the direction P' Z' (suppose) will equal that exerted l)y M on 
P in the direction P Z. P' therefore (supposing it to revolve 
in the same direction round S as P) will be retarded (or acce- 
lerated, as the case may be) by jirecisely the same furce l)y 
which P is accelerated ( or retarded), so that the variation iii 
the axis of the res[)ective orbits of P and P' will be equal 
in amount, but contrary in charactcT'. Suppose now M’s 
orbit to be circular. Then (if the periodic times of M a7id P 
be not commensurate^ so that g. moderate number of revolutions 
may bring them back to the same precise relative positions) it 
will necessarily happen, that in the course of a very great 

* If a be the semlaxis, r the radius vector, and v the velocity of P in any 

point of an ellipse, a is given by the relation ^ , the units of velocity and 

r a 

three beiTHji: ])ro] rrly assumed. 



VAUIATJON OF THE MAJOK AXIS. 


453 


number of revolutions of both bodies^ V will have been pre- 
edited to M on one side of the axls^ at some one moment, in 
the same maimer as at some other moment on the other. 
Whatever variation may have been effected in its axis in the 
one situation will have Ix^eii reversed in tliat symmetrically 
opposite, and the nltimate result, on a general average of an 
infinite number of revolutions, will be a complete and exact 
compensation of the variations In one direction by those in 
the direction oi>])osItc. 

((>62.) Suppose, next, P’s orbit to he circular. If now M's 
orbit were so also, it is evident that in one complete synodic 
revolution, an exact restoration of tlie axis to its original 
length would tal^o place, because the tangential forces would 
be syminetiically e(|ual and o{>posite during each alternate 
quarter revolution. But let M, during a synodic revolution, 
have receded somewhat from S, then will its disturbing power 
liave become gradually weaher, so that, in a synodic revolution 
the tangenllal force in eacli quadiaint, tliongh reversed in 
direction being inferior in power, an exact compensation will 
not have been effected, but there will be left an outstanding 
uncompensated portion, the excess of the stronger over the 
leebler eflei^ts. But now siip[>osc JM to approach by the 
same gradations as it before receded. It is clear that this 
rc^sult will be reversed; vsince the nneompensated stronger 
actions will all lie in the opposite direction, IsU)W' suppose 
M’s orbit to be elliptic. Then during its recess from S or in 
the lialf revolution from Its perihelion to its aphelion, a con- 
tinual iincoin|)cnsated variation will go on accumulating in one 
direction. But from what has been said, it is clear that this 
will be dcsti’oycd, during Ms approach to S in the other lialf 
of its orbit, so that here again, on the average of a multitude 
of revolutions duiing which P has been presented to M in 
every sitaatlou for every distance of from S, the restoration 
wdll be effected. 

• (6(53.) If neltlier P's nor M’s orbit be c/ircujar, and if more- 
over the directions of their axes be dilh'rent, this reasoning, 
drawn from the symmetry of their relations to eacli other, does 
not a])j)ly, and it becomes necessary to take a more general 
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view of the matter. Among the fundaineutal relations of 
dynamics, relations which presuppose no particular law of 
force like that of gravitation, but which express in general 
tenns the results of the action of force on matter during timcy 
to produce or change velocity^ is one usually cited as the 
Principle of the conservation of the vis vivaf which applies 
directly to the case before us. This principle (or rather this 
theorem) declares that If a body subjected at every instant of 
its motion to the action of forces directed to fixed centers (no 
matter how numerous), and having their intensity dej^cndent 
only on the distances from their respective centers of actioji, 
travel from one point of space to another, the velocity which 
it has on Its arrival at the latter point will differ from that 
which it had on setting out from the forrnei', by a quantity 
depending only on the different relative situations of these two 
jioints in space, without the least reference to the form of the 
curve in which it may have moved m passing from one point 
to the other, wliether that curve have been described freelv 
under the sinij)lc influence of the central forces, or the body 
have been compelled to glide upon it, as a head upon a smooth 
wire. Among the forces thus acting may be included any 
constant forces, acting in pai'allcl directions, which may be 
regarded as directed to fixed centers infinitely distant. It 
follows from this tlieorem, that, if the body return to the point 
P from which it set out, its velocity of arrival will be the same 
with that of its departure ; a conclusion which (for the purpose 
we have in view) sets us free from the necessity of entei'ing 
into any consideration of the laws of the disturbing force, 
the change which its action may have induced in the form of 
the orbit of P, or the successive steps by which velocity gene- 
rated at one point of its intermediate path is destroyed at 
another, by the reversed action of the tangential force. Now 
to apply this theorem to the case in question, let M be sup- 
posed to retain a fixed position during one whole revolution 
of P. P then is a<5ted on, during that revolution, by thi'ce. 
forces : 1st. l>y the central attraction of S directed always to 
S ; 2nd. by that to M, always directed to M ; lird. by a force 
equal to M’s attraction on S ; but in the direction M S, which 
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therefore Is a constant force, acting always in parallel direc- 
tions. On completing its revolution, then, P’s velocity, and 
therefore the major axis of its orbit, will be found unaltered, 
at least neglecting that excessively minute ditference wlvicli 
will result from the non-arrival after a revolution al the exact 
point of its departure by reason of the perturbations in the 
orbit produced in the interim by the disturbing force, which 
for the present we may neglect. 

(664.) Now suppose M to revolve, and it will appear, by 
a reasoning precisely similar to that of art. 662., that what- 
ever uncompensated variation of tlie velocity arises in suo- 
eessivc revolutions of P during M’s recess from S will be 
destroyed by contrary uncompensated variations arising during 
its approach. Or, more simply and generally tlius ; whate ver M’s 
situation may be, for every place wbicli I* can ha ve, there must 
exist some other ])lace of P (as P'), in which the action of 
M shall be precisely reversed. Now if the periods be incorn- 
wensurablcy in an ijideflnite number of revolutions of both 
bodies, for every possible combination of situations (M, P) 
there will occur, at some time or oilier^ the combination (M, P') 
which neutralizes the effect of the other, when carried to the 
general account ; so that ultimately, and when \cry long 
j)eriods of time are embraced, a complete compensation Avill 
be found to be worked out. 

(665. ) This supposes, however, that in such long periods 
the orbit of M is not so altered as to render the occurrence 
of the compensating situation (M, P') Impossible. Tins would 
be the covse if JNPs orbit were to dilate or contract indefinitely 
by a variation in its axis. But the same reasoning w^hicli 
applies to P, applies also to M. P retaining a /ixed situation, 
M’s velocity, and therefore the axis of its orbit, would be 
exactly restored at the end of a revolution of M ; so that for 
every position P M there exists a compensating j)Osition 
P M/, Thus M’s orbit is maintained of the same magnitude, 
and the possibility of the occurrence of the compensating 
situation (M, P') is secured. 

(666.) To demonstrate as a rigorous mathematical truth 
the complete and absolute ultimate compensation of the va- 
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riutioiis 111 ([uestloji, it would be requisite to show that the 
minute oiitstaiidlng eluingcH due to tlie non-arrivals of P aiui 
M at the saiuo exact points at the end of each revolution, 
cannot accuinulatc in tlie course of infinite ages in one 
direction. ' Now it will appear in the subsequent part of this 
chapter, tliat the elFcct of perturbation on the cxcentricitios 
and apsides of the orbits is to cause the former to undergo 
only jieriodical variations, and the latter to revolve and take 
wqi in siiceession every possible situation. Hence in the 
course of Infinite ages, tlic points of arrival of P and ]\1 
at fixed lines of direction, S S M, in successive revolutions, 
though at one time they will approach S, at another will 
recede from it, fluctuating to and fro aliout mean points 
from which tliey never greatly depart. And if the arrival 
of eitlier of them at 1% at a point nearer S, at the end of a 
('.ornplete rc\'olution, cause an cxce.ss of \ elocity, its arrivid 
at a more distant point will ciuisc a deficieiicy, and lluis, as 
the fluctuations of distance to and ii‘o ultiniat(‘ly balance 
each other, so wdll also the excesses and (.iefects of velocity, 
tlioiigli in periods of enoi’inous length, being no less than 
that of a com])lcte revolution of P’s a[)sides for the one cause 
of inequality, and of a complete restoration of its excentrlcity 
for tlie other. 

(6()7- ) The (lynainical proposition on wlilch this reasoning 
Is based is general, and appliivs equally well to cases w'herein 
tlie forces act in one plane, or ar(^ dir(a‘tcd to centers any- 
where situated in space. 11 cnee, if we iahe into considera- 
tion the inclination of P’s orliit to tliat of M, the same 
reasoning will ajiply. Only that in tliis (‘as<\, upon a com- 
plete revolution of 1^, the variatifui of inclination and the 
motion of the nodes of P’s orbit w ill prevent its l•eturnIng 
to a point in the exact pla7ie of its original orbit, as that of 
the exccntricity and perihelion prevent its arrival at the 
same exac^t distance from S. Put since it has been shoAvn 
that tlie inelinatiou fluctuates round a mean state from w hich 
it never departs much, and since the node revol ves and makes 
a complete circuit, it is obvious that in a complete peuaod of 
the latter the points of arrival of P at tlu' same longitude 
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will deviate as often and by the same quantities above (ia 
below its original point of dej)arture from exact coincidence ; 
and, therefore, that on the average of an infinite number 
of revolutions, the effect of this cause of non-compensation 
will also be destroyed. 

(668.) It is evident, also, that the dynamical proposition 
in question being general, and applying equally to any num-- 
her of fixed centers, as well as to any distribution of them in 
space, the conclusion would be precisely the same whatever 
be the number of disturbing bodies, only that the periods of 
compensation would become more intricately involved. We 
aj'C, therefore, conducted to this most remarkable and ini'- 
portant conclusion, viz. that the major axes of the jjlanetary 
(and lunar) orbits, and, consequently, also tlieir mean mo- 
tions and periodic times, arc subject to none but periodical 
changes ; that the length of the year, for example, in tlie 
lapse of infinite ages, has no preponderating teiulency either 
to increase or diminution, — that the planets will neither re- 
cede indefinitely from the sun, nor fall into it, but continue, 
so far as their mutual perturbations at least are concerned, 
to revolve for ever in orbits of very nearly the same dimeu 
sions as at present. 

(069.) This theorem (the Magna Charta of our system), 
the discovery of which is due to Lagrange, is justly regarded 
a.s the most important, as a single result, of an} which have 
hitherto rewarded the researelies of mathematicians in litis 
application of their science: and it ivS especially worthy of 
remark, and follows evidently from the view here taken of 
it, that it would not be true but for the iiifluerKXJ of the 
perturbing forces on other elements of tlie orbit, viz. the 
perihelion and excentricity, and the iiidination and Modes ; 
since wo luive seen that tlie revohition of the :q)sic]es and 
nodes, and the periodical iacreas(^ and diminution of the ex- 
centricitlcs and inclinations, ai’c botli essential towards ojie- 
* -rating that final and comjdote coinpensalion wJiicli gives it a 
character of mathematical exactness. Wo have liere an in- 
stance of a perturbation of one kind operating on a perturba- 
tion of another to anniliilate an efiect wliich would otherwise 
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acciunulate to the destruction of the system. It must, how- 
ever, be borne in mind, that it is the smallness of the cxccn- 
tricitics of the more iiiflueiitial planets, which gives this 
theorem its practical importance, and distinguishes it from a 
mere barren speculative result. Within the limits of ulti- 
mate restoration, it is this alone which keeps the periodical 
fluctuations of the axis to and fro about a mean value within 
moderate and reasonable limits. Although the earth might 
not fall into the sun, or recede from it l>eyorid the present 
limits of our system, any considerable increase or diminution 
of its mean distance, to the extent, for instance, of a tenth of 
its actual amount, would not fail to subvert the conditions on 
which the existence of the present race of animated beings 
depends. Constituted as our system is, however, changes to 
anything like this extent arc utterly precluded. The great- 
est departure from the mean value of the axis of any pla- 
netary orbit yet recognized by thcor}’^ or observation (that of 
the orbit of Saturn disturbed by Jupiter), does not amount 
to a thousandth part of its length.'^ The effects of these 
fluctuations, liowever, are very sensible, and manifest them- 
selves ill alternate accelerations and retardations in the an- 
gular motions of the disturbed about the central body, which 
cause it alternately to outrun and to lag behind its elliptic 
place in its orbit, giving rise to what arc called equations in 
its motion, some of the chief instances of which will be here- 
after specified wlicn we come to trace more particularly in 
detail the effects of the tangential force in various confitfu- 
rations of the disturbcal and disturbing bodies, and to explain 
the consequences of a near approacli to commensurahility in 
their periodic times. An exact commensurahility in this 
respe<;t, such, for instance, as would bring both planets round 
to the same configuration in two or three revolutions of one 
of them, would ajipcar at first sight to destroy one of the 
essential elements of our demonstration. But even supposing 
such an exact adjustment to subsist at any epoch, it could 

* Greater deviations will probably be found to exist in the orbits of the suiaJJ 
«xtra-tropical planets, Hut these are too insigniiicant ineinbers of our systeui 
fo need special notice in a work of this nature. 
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not remain permanent, since by a remarkable property of 
perturbations of this class, which geometers have dcinon- 
stratecl, but the reasons of winch we cannot stop to explain, 
any change produced on the axis of the disturbed planet’s 
orbit is necessarily accompanied by a change in the contrary 
direction in that of the disturl^ing, so that the periods would 
recede from commensurability by the mere effect of their 
mutual action. Cases are not wanting in the planetary sys- 
tem of a certain approach to commensurability, and in one 
very remarkable case (that of Uranus and Neptune) of a 
considerably near one, not near enough, however, in the 
smallest degree to affect the validity of the argument, but 
only to give rise to inequalities of very long periods, of which 
more presently.'^’ 

(670.) Tlie variation of the length of the axis of the 
disturbed orbit is due solely to the action of the tangential 
disturbing force. It is otherwise with that of its excontricity 
and of the position of its axis, or, which Is the same thing, the 
longitude of its perihelion. Botli the normal and tangential 
components of the disturbing force affect these elements. 
We shall, liowever, consider separately the influence of each. 



and, commencing, as the simplest chse, with that of the tan- 
gential force ; — let P be the place of the disturbed planet 
in its elliptic orbit A P B, whose axis at the moment is A S B 
and focus S. Suppose Y P Z to be a tangent to this orbit at 

^ 41 revolutions of Neptune are nearly equal to 81 of Uranus, giving ri:*o 
to an inequality, haviM;: for its periof). 
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P. Then, if wo suppose AB— 2(7, the other focus of the 
ellipse, II, will be found by making tlic angle Z P II =Y P S 
or Y P II 180“’ — Y P Z, or S P 11 =: 180° — 2 Y P S, and 
takino’ P Hrr2 a — S P. This is evidtmt from the nature 
of the ellipse, in which lines drawn from any point to the two 
foci make equal angles with the tangent, and have their sum 
equal to the major axis. Suppose, now, the tangential foi'ce 
to act on P and to increase its velocity. It will therefore 
increase the axis, so that the new value assumed by a (viz. a') 
will be greater than «. But the tangential force does not; 
alter the angle of tangency, so that to find the new posi- 
tion (ir) of the upper focus^ we must measure off along 
the same line P II, a distance P IP (“2 a' — S P) greater 
than P H. Do this then, and join S II^ and [iroduce it. 
Then will A' IP be the new positio?i of tlie axis, and S IP 
the new excentrleity. Ilencc we eon(diide, 1st, that the 
new position of the perihelion A' will deviate from the old 
one A towards the same side of the axis A 1 j on which 
P is when the tangential force acts to increase the velocity, 
whether P be moving from p'erilieliou to a[)lielion, or 
the contrary. 2dly, d'hat on the same supposition as to 
the action of the taageutial fiirce, the cxccntricity increases 
when P is hetween the perihelion and the perpendicular to 
the axis F H G drawn through the njijier focus, and dimi- 
nishes when hc'twcon the aphelion and tlic same perjiendicular. 
3dly, That for a given change of velocity, z. c. for a given 
value of the tMng;ential force, the momentary vaidation in the 
place of the perihelion is a maximum when P is at F or G, 
from which situation of P to the perihelion or aplieliori, it 
decreases to nothing, the perihelion being stationary wlien P 
is at or B. 4tlily, That the variation of the excentricity 
due to this cause is complementary in its law of increase 
and decrease to tliat of the perihelion, being a maximum for 
a given tangential force when P is at A or tJ, and vanishing 
when at (I or F. And laslly, tliat where the tangential force 
acts to diminish the velocity, all thcv^c results are reversed. 
If the orbit be very nearly circular* the points F, G, will be 

* So nearly that. t!u; t ube oi ilse exci-Mlvrclty may l>o 
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BO Situated tliat^ altliougli not at opposite extrciiuties of a 
diameter y the times of describing A F, F B, B G, and G A 
will be all equal, and each of course one quarter of the whole 
periodic time of P, 

(671.) Let us now consider the effects of tlie normal com- 
ponent of the disturbing force upon the same elements. Tlie 
direct effect of this force is to increase or. diminish the Cllr^'a- 
ture of the orbit at the point P of its action, without j)ro- 
ducing any change on the velocity, so that tlie length of the 



axis remains unaltered by its action. Nowq an increase of 
curvature at P is synonymous with a decrease in the angle 
of tangency S P Y when P is approaching towards S, and with 
an increase in that angle when receding from S. Suppose 
the fonner case, and while P approaclics S (or is moving 
from aphelion to perihelion), let the normal force act unvards 
or towards the concavity of the ellipse. Then will the tangent 
P Y by the action of tliat force have taken up the i)Osltion 
P Y'. To find tlie corresponding position II' taken up by 
the focus of the orbit so disturbed, we must make the angle 
S P H' — 180° — 2 S P Y', or, which comes to the same, draw 
P IP on the side of P II opposite to S, making thcf angle 
H P IP = twice the angle of deflection Y P Y' and in P IP 
take P Tl'ntP IT. Joining, then, SIP and prodin'ing it, 
A' S H' M' will be the new position of tlie axis. A' the new 
perihelion, and S H' the new cxccntricity. Hence we 
conclude, 1st, that the normal force acting inwards^ and P 
moving towards the perihelion, the new direction S A' of the 
perihelion is in advance (with reference to the direction of P’a 
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revolution) of the old — or the apsides advance — when P is 
anywlierc situated between F and A (since when at F the 
point H' falls upon H M between li and M). When P is 
a; F the apsides arc stationary, but when P is anywhere 
l)etween M and F the apsides retrograde, H' in this case 
lying on the o])posite side of the axis. 2dly, That the same 
directions of tlie normal force and of P’s motion being 
supposed, the cxc^entrlcity increases while P moves through 
the whole seiniellipse from aphelion to perihelion — the rate 
<)f its increase being a maximum when is at F, and nothing 
at tlie aphelion and perihelion. 3dly, That these effects are 
reversed in the opposite half of the orbit, A G i\I, in 
which P [lasses from perihelion to aphelion or recedes from S. 
4thly, That tliey are also reversed by a reversal of the 
direction of the normal force, outwards, in place of inwards. 
5thly, That here also the variations of the excentriedty and 
perihelion are complementary to each other ; the one vari- 
ation being most rapid when the other vanishes, and vice 
versa, fithly. And lastly, that the changes in the situation 
of the focus 11 produced by the actions of tlie tangential 
and normal compoiicuts of the disturbing force are at right 
angles to each other in every situation of P, and therefore 
where the tangential force is most efficacious (in proportion 
to its intensity) in varying either the one or the other of tlte 
elements in question, the normal is least so, and vice versa, 
(672.) To determine the momentary effect of the whole 
disturbing force then, wc have only to resolve it into its 
tangential and normal components, and estimating by these 
principles separately the effects of either constituent on both 
elements, add or subtract the results according as they con- 
spire or» oppose each other. Or we may at once make the 
angle 11 P 11" equal to twice the angle of deflection produced 
by the normal force, and lay off P H"=P H-f twice the 
variation of a produced in the same moment of time by the 
tangential force, and H" will be the new focus. The mo- 
mentary velocity generated by the tangential force is cal- 
culable from a knowledge of that force by the ordinary prin- 
ciples of dynamics ; and from this, the variation of the axis is 
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easily derived. * The momentary velocity generated by the 
normal force in its own direction is in like manner calculable 
from a knowledge of that force, and dividing this by the 
linear velocity of P at that instant, we deduce the angular 
velocity of the tangent about P, or the momentary variation 
of the angle of tangency S P Y, corresponding. 

(67o.) d'he following resume of these several results in a 
tabular form includes every variety of case according as P is 
approaching to or receding from S; as it is situated in the 
arc P A (.T of its orbit about the periheUon or in the remoter 
arc G M F about the aphellony as the tangential force acceler* 
rates or retards the disturbed body, or as the normal acts in-- 
wards or outwards with reference to the concavity of the orbit- 

EFFECTS OF THE TANGENTIAE DISTURBING FORCE. 


Direction of P’s motion. 

Situation of P in orhit. 

Action of Tangential 
Force. 

Effect on Elements. 

Approaching S. 
Ditto. 

Receding from S. 
Ditto. 

Indifferent. 1 

Ditto. 

Ditto. 

Ditto. 

Anywhere. 

Ditto. 

Ditto. 

Ditto. 

About Aphelion. 
Ditto. 

About Perihelion. 
Ditto. 

Accelerating P. 
Retarding R 
Accelerating P. 
Retar<ling 1*. 
Accelerating P. 
Retarding i*. 
Accelerating 1’’. 
Retanling P. 

Apsides recede. 

advance. 

advance, 

recede. 

li xcontr. decreases, 
increases, 
increases, 
decreases. 


EFFECTS OF THE NORIMAL DISTURBING FORCE, 


Direction of P’s motion . 

Situation of P in orbit. 

Aclion of Normal 
i’orcc. 

i I'JIcct on EicraentB. 

j 

Indifferent. 

About Aphelion. 

Inwards. 

1 Apsides recede. 

Ditto. 

Ditto. 

Outwards. 

advance. 

Ditto. 

About Perihelion. 

Inwards. 

advnnco. 

Ditto. 

Ditto. 

Outwariis. 

recede. 1 

Approaching S. 

Anywhere. 1 

Inwards. 

, Excentr. ii^reases. 

Ditto. 

Ditto. j 

Outwards. 

j decreases. 

Receding from S. 

Ditto. 

Inwards. 

• decreases. 

Ditt.> 

Ditto. 1 

Outwards. 

j incrt.*ases. 


♦ ® ^ ^ O? + vO OF whtjl lU- 

a r a! T a* a 

Kiniteslmal variations only are considered ( 7 / —7 ) or (r' — p) 

from which it appears that the variation of the axis* aiisir*^ from a given va- 
riation of velocity is independent of r, or is the same at ’'/natever distance from 8 
the cltange takes place, and tiiat cat^ris pftrihtts C is prmUr for a given change of 
vfiix ity tor for a giAcn tangential force) in t!ti- lUrtti ntiio of the vefoeitj/ Uaflf, 
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(674.) From tlic momentary changes in the elements of 
the disturbed orbit corresponding to siiccessivc situations ox 
V and M, to conclude the total amount of change produced 
in any given time is the busineSvS of the integral calculus, and 
lies far beyond the scope of the present vva:>rk. Without its 
aid, ho^vcver, and by general considerations of the periodical 
recurrence of configurations of the same character, we have 
been able to demonstrate many of the most interesting con- 
clusions to which geometers have been conducted, examples 
of which have already been given in the reasoning by which 
the permanence of tlie axes, the periodicity of the inclina* 
tions, and the revolutions of the nodes of the ])lanctary orbits 
have been demonstrated. We shall now proceed to apply 
similar considerations to the motion of the apsides, and the 
variations of the excentrlcities. To this end we must first 
trace the changes induced on the disturbing forces themselves, 
with the varying positions of the bodies, and here as in treating 
of the inclinations we shall suppose, unless the contrary is ex- 
pressly indicated, both orbits to be very nearly circular, 
without which limitation the complication of the subject would 
become too embarrassing for the reader to follow, and defeat 
the end of explanation. 

(675.) On this supposition the directions of SP and S Y, 
the perpendicular on the tangent at P, may bo x-egarded as 
coincident, and the normal and radial disturbing forces become 
nearly identical in quantity, also the tangential and transversal, 
by the near coincidence of the points T and L (fig. art- 687.). 
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So far then as the intensity of the forces is concerned, it will 
make very little difference in Avliieh way the forces are re- 
solved, nor will it at all materially affect our conclusions as to 
the effects of the normal and tangential forces, if in estimating 
their quantitative values, we take advantage of the simplifica- 
tion introduced into their numerical expression by the neglect 
of the angle P S Y, i, c. by the substitution for them of the 
radial and transversal components. The character of these 
effects depends (art. G70, 671.) on the direction in which the 
forces act, which we shall suppose normal and tangential as 
before, and it is only on the estimation of their quantitative 
effects that the error induced by the neglect of this angle can 
fall. In the lunar orbit this angle never exceeds S'" 10', and 
its influence on the quantitative estimation of tlic acting forces 
may therefore be safely neglected in a first approximation. 
Now MN being found by the proportion M P^ : 

M S : M N, N P (“M N — MP) is also known, and there- 
fore N L-N P. sin N P S-N P. sin (A S P 4- S M P) and 
L S=:P L--P S==N P . cos N P S-P SrrN P . cos (A S P 
-f SMP) — SP become known, which express respectively 
the tangential and normal forces on the same scale that S M 
represents M’s attraction on S-^ Suppose P to revolve in the 
direction E A D B. Then, by drawing the figure in various 
situations of P throughout the whole circle, the reader will 
easily satisfy hinrself — 1st. That the tangential force acce- 
lerates P, as it moves from E towards A, and from D towards 
B, but retards it as it passes from A to D, and from B to E. 
2nd. That the tangential force vanishes at the four points 
A , D, E, B, and attains a maximum at some intermediate points. 
3rdly. 'Jliat the normal force is directed outw^ards at the 

• 

* M S= II j S P = r ; M P=/; A S P-fl; A P= M ; M N = ; N P 

; whence we have N L = (Il— /).sin (fl+M; 

( I + I +-^) : L S=(R-/) . cos + I + ) -r. When R 

and /, owing to the great distance of M, are nearly equal, we have R— yar 
R 

PV,.- — =1 nearly, and the angle M may be neglected: so that we have 
N P«3 P V, 


11 H 
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syzigles A, B, and inwards at the points E, at which points 
resj^ectively its outward and inward intensities attain tlieir 
maxima. Lastly, that this force vanislies at points interinc- 
diatc between A D, D B, B E, and E A, which points, wlien 
M is considerably remote, arc situated nearer to the quadra- 
ture than the syzygles. 

(676.) In the lunar tlieory, to which we sh.aU now proceed 
to apply these principles, both the geometrical representation 
and the algebraic expression of the disturbing forces admit of 
great slmjilification. Owing to the great distance of the sun 
M, at whose center the radius of the moon’s orbit never 
subtends an angle of more than aliout 8', N P may be re- 
garded LIS parallel to A B. And D S E becomes a straight line 
coincident with the riiie of quadratures, so that V P beconu's 
the cosine of ASP to radius S P, and ]VL=rNP , sin 
ASP; liPrrNP . cos A S P. Moreover, in this case 
(see tlic note on the last article) N Prr.S P S P . cos 
A S P ; and conse(tuently N L ~ 3 S P . cos A S P . sin A S 
— J S P . sin 2 A S P, and L S S P (3 . cos A S P“ — 1 ) 
= i S P (1 + 3 . cos 2 A S P) wliicli vanishes when cos 
A SP- = i, or at 64"^ 14' from the syzygy. Suppose through 
every point of P’s orbit there be drawn SQ=:3SP . cos 
A S P‘^, then will Q trace out a certain looped oval, as in the 
figure, cutting the orbit in four points 64® PP from A and B 
respectively, and P Q will always represent in quantity and 
direction the normal force actini*; at P. 



(677.) It is important to remark here, because upon this 
the whole lunar theory and especially that of the motion of 
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the apsides hinges^ that all the acting disturbing forces, at 
equal angles of elongation A S P of the moon from the sun, 
{ire ccEteris paribus proportional to S P, the moon’s distance 
from tlie earth, {ind are therefore greater when tlie moon is 
near its apogee than Avhen near its pci igee ; the extreme 
proportion being that of about 28 : 25. Tliis premised, let 
ns lirst consider the cfl’ect of the normal force in displacing 
tlie hinar apsides. Tliis we slmll best be enabled to do by 
exjimining separately those cases in wlileh the offbets jire most 
strongly contrasted ; viz. wdicii tlie major axis of the inoon's 
orbit is directed towards the sun, and wlien at right angles 
lo that direction. First, then, h‘t the line of apsides be 



/llrected to the sun {is in the annexed figure, where A. is tlie 
perigee, jind iake the arcs A «, A 5, Be, \\ d each:::: 64° lib 
4 lien while P is between a and 6 the normal force acting out- 
wards, and the moon being near its perigee, by art. 671. the 
apsides will recede, but when between c {uid d, the force theie 
{icting outwards, but the moon being near its apogee, they 
will advance. The rapidity of these movements will be re- 
spectively at its maxima {it A and B, not only because tlie 
disturblnir forces are then most intense, but also beeSuse 
(sec {irt. 671.) they act most advantageously ;it those points 
to displace the axis, l^roceeding from A and B toAv aids the 
neutral points abed the rapidity of their recess and Jidvancc 
diminishes, and is nothing (or the apsides are stationary ) 
when P is at either of these points. From h to 1), or rather 
to a point some little beyond D (art. 671.) the force acts 
inwards, {ind the moon is still near perigee, so tliat in this arc 
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of the orbit the apsides advance. But the rate of advance 
is feeble, because in the early part of that arc the normal 
force is small, and as P approaches D and tlie force gains 
power, it acts disadvantageously to move tlie axis, its effect 
vanishing altogether when it arrives beyond D at the ex- 
tremity of the perpendicular to the upper focus of the lunar 
ellipse. Thence up to c this feeble advance is reversed and 
converted into a recess, the force still acting inwards, but 
the moon now being near its apogee. And so also for 
the arcs d E, E a. In the figure these changes are indicated 

by -f -f for rapid advance, for rapid recess, -f and — 

for feeble advance and recess, and 0 for the stationary points 
.Now if the forces Averc equal on the sides of -f and — it is 
evident that there Avonld be an exact counterbalance of 
advance and recess on the average of a whole revolution. 
But tliis is not the case. The force in apogee is greater than 
that in perigee in the propertion of 28 : 25, while in the 
quadratures about D and E they arc equal. Therefore, 
while the feeble movements + and — in the ncighbourhooil of 
these points destroy each other almost exactly, there will 
necessarily remain a considerable balance in favour of advance, 
in this situation of the line of apsides. 

(678.) Next, suppose the apogee to lie at A, and the peri- 
gee at B. In this case it is evident that, so far as the di- 
rection of the motions of the apsides is concerned, all the 
conclusions of the foregoing reasoning Avill be reversed by the 
substitution of the word perigee for apogee, and vice versa ; 
tuid all the signs in the figure referred to will be changed. 
But now the most powerful forces act on the side of A, that 
is to say, still on the side of advance, this condition also being 
rev6rsed. In either situation of the orbit, then, the apsides 
advance. 

(679.) (Case 3.) Suppose, now, the major axis to have the 
situation D E, and the perigee to be on the side of D. Here, 
in the arc 5 c of P’s motion the normal force acts inwards, 
and the moon is near perigee, consequently the apsides 
;idvance, but witli a moderate rapidity, the maximum of the 
inward normal force being only half that of the outward. 
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In the arcs A h and c B the moon is still near perigee, and 
the force acts outwards, but though powerfully towards A 
and B, yet at a constantly increasing disadvantage (art. 671.) 
Therefore in these arcs the apsides recede, but moderately. 
In a A and B d (being towards apogee) they again ad vance, 
still with a moderate velocity. Lastly, throughout the arc 
d ch being about apogee with an inward force, they recede. 
Here as before, if the perigee and apogee forces were equal, 
the advance and recess would counterbalance; but as in fact 
the apogee forces preponderate, there will be a balance on 
the entire revolution in favour of recess. The same reasoniiij^ 
of course holds good if the perigee be towards E. J>ut now, 
between these cases and those in the foregoing articles, there 
is this difference, viz. that in this the dominant effect results 
from the inward action of the nonnal force in quadratures, 
while in the others it results from its outward, and doubly 
powerful action in syzj^gies. The recess of the apsides in 
their quadratures arising from the action of the normal force 
will therefore be less than their advance in their syzygies ; 
and not only on this account, but also because of the much 
less extent of the arcs b c and d a on which the balance is 
mainly struck in this case, than of « A and c d, the correspond- 
ing most influential arcs in the other. 

(680.) In intermediate situations of the line of apsides, the 
effect will be intermediate, and there will of course be a situa- 
tion of them in which on an average of a whole revolution, 
they arc stationary. This situation it is easy to see will be 
nearer to the line of quadratures than of syzygies, and the 
preponderance of advance will be maintained over a mucli 
more considerable arc than that of recess, among the possible 
situations which they can hold. On every account, therefore 
the action of the normal force causes* the lunar apsides to 
progress in a complete revolution M or in a synodical year, 
during which the motion of the sun round the earth (as wo 
consider the earth at rest) brings the line of syzygies into all 
situations with respect to that of apsides. 

(681.) Let us next consider the action of the tangential 
force. And as before (Case 1.), supposing the perigee of the 
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moon at and the direction of her revolution to be A O B E, 
the tangential force retards lier motion through the quadrant 
AD, in which she recedes from S, tliereforc by art. 670. tlie 
apsides recede. Through D B the force accelerates^ while 
the moon still recedes, therefore they advance. Through B E 
the force retards, and the moon approaclios, therefore they 
continue to ad vaiice, and finally throughout the quadrant E A 
the force accelerates and the moon approaclies, therefore tliey 
recede. In virtue therefore of this force, the apsides reccd(^ 
during the description of the arc E A D, and advance dining 
I) B E, luit the force being in this case as in that of the 
norin.al for(*e more powerful at apogee, tlie latter will pro- 
[londerate, and the apsides will advance on an average of a 
Avhole revolution. 

(682.) (Case 2.) The perigee being towards B, we have 
to substitute in the foregoing reasoning approacli to S, for 
recess from it, and vice versa, the accelerations and retarda- 
tions remaining as before. Therefore the results, as far as 
direction is concerned, will be reversed in each quadrant, tin? 
apsides advance during E A D and recede during D B K. 
But the situation of the apogee being also reversed, the pre- 
dominance remains on the side of E A I), that is, of advance. 

(683.) (Case 3.) Apsides in quadratures, |>erlgee near 1). ■ 

Over quadrant A D, approach and retardation, therefore 
advance of apsides. Over D B recess and acceleration, there- 
fore again advance ; over B E recess and retardation wltli 
recess of apsides, and lastly over E A approacli and accelera- 
tion, producing their continued recess. Total result: advance 
dui'ing the half revolution A D B, and recess during B E A, 
the acting forces being more powerful in the latter, whence 
of course a preponderant recess. The same result when the 
perigee is at E. 

(684.) So far the analogy of reasoning between the action 
of the tangential and normal forces is perfect. But from this 
point they diverge. Jt is not here as before. The recess of 
the apsides in quadratures does not now arise from the pre- 
dominance of feeble over feebler forces, while that in sy/ygies 
results from that of powerful over powerful ones. The maxi- 
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mum accelerating action of the tangential force is equal to 
its maximum retarding, while the inward action of the normal 
at its maxhnain is only lialf the maximum of its outward. 
Neither is there that difference in the extent of the arcs over 
which the balance is struck in this, as in tlie other case, the 
action of the tangential force being inward and outward 
alternately over equal arcs, each a complete quadrant. 
AVhereas, tlierefore, in tracing the action of the normal force, 
we found reason to conclude it much more cffeotlve to producci 
progress of the apsides in their syzygy? tlian in their quadrature 
situations, we can draw no such conclusion in tliat of the 
tangential forces : there being, as regards that force, a complete 
symmetry in the four quadrants^ wliile in ng-jird of the normal 
force the symmetry is only a half-symmetry having relation 
to two semicircles, 

(685.) Taking the average of many re^ olutlons of the sun 
about the earth, in wliich it shall present itself in every pos- 
sible variety of situations to the line of apsides, we see tluii the 
effect of the normfd force is to produce a rapid advance in the 
syzygy of the apsides, and a less rapid recess in their (luadra- 
ture, and on the wliole, thcrefurc, a moderately rapid general 
advance, while that of the tangential is to pi*odiice an equally 
rapid advance in wSyzygy, and recess in quadrature. Directly, 
therefore, the tangential force would appear to have no ulti- 
mate Influence in causing either increase or diminution in the 
mean motion of the apsides resulting from tlic action of the 
normal force. It does so, liowcver, indirectly, conspiring in 
that respect with, and greatly increasing, an indirect action 
of the normal force in a maimer which we shall now proceed 
to explain. 

(686.) The sun moving uniformly, or nearly so, ii tlio 
earnc direction as P, the line of apsides when in or near the 
syzygy, in advancing follows the sun, and therefore remains 
materially longer in the neighbourhood of syzygy than if it 
rested. On the otlicr hand, when the apsides ai’c in quadrature 
they recede, and inovlng therefore contrary to tlic sun’s motion, 
remain a shorter time in that neigh bovuhood, than if they 
vested. Tims tJie advance, already pre])onderant, is made to 
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preponderate more by its longer continuance, and the recess^ 
already deficient, is rendered still more so by the shortening 
of its duration/^ Whatever cause, then, increases directly 
the rapidity of both advance and recess, though it may do both 
equally^ aids in this indirect process, and it is thus that the 
tangential force becomes effective through the medium of 
the progress already produced, in doing and aiding the normal 
force to do that which alone it would be unable to effect. 
Thus we have perturbation exaggerating perturbation, and 
thus we see what is meant by geometers, Avhen they declare 
that a considerable part of the motion of the lunar apsides is 
due to the square of the disturbing force, or, in other words, 
arises out of a second approximation in which the influence 
of the first in altering the data of the problem is taken into 
account. 

(687.) The curious and complicated elfect of perturbation, 
described in the last article, has given more trouble to geo- 
meters than any other part of the lunar theory. Newton 
himself had succeeded in tracing that part of the motion of 
the apogee which is due to the direct action of the radial 
force ; but finding the amount only half what observation 
assigns, he appears to have abandoned the subject in despair. 
Nor, when resumed by his successors, did the inquiry, for a 
very long period, assume a more promising aspect. On the 
contrary, Newton’s result appeared to l)e even minutely 
verified, and the elaborate investigations which were lavished 
upon the subject without success began to excite strong doubts 
whether this feature of the lunar motions could be exj^laincd 
at all by the Newtonian law of gravitation. The doubt was 
removed, however, almost in the instant of its origin, by the 
same geometer, Clairaut, who first gave it currency, and who 
gloriously repaired the error of liis momentary hesitation, by 
demonstrating the exact coincidence between theory and ob- 
servation, when the effect of the tangential force is properly 
taken into the account. The lunar apogee circulates, in 
3232** *575343, or about 9| years. 


Nfwton, Vriiic. i, (ifi. ('or, H 
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(^688.) Let US now proceed to investigate the Influence of 
tlio disturbing forces so resolved on the excentrlcity of the 
lunar orbit, and the foregoing articles having sufficiently 
familiarized tlie reader with our mode of following out the 
changes in different situations of the orbit, we sHall take at 
once a more general situation, and suppose the line of apsides 
in any position with respect to the sun, such as Z Y, the 
perigee being at Z, a point between the lower syzygy and 
tlie quadrature next following it, the direction of P’s motion 
as all along supposed being A D B E. Then (commencing 
with the normal force) the momentary change of excen tricity 

will vanish at a, ft, c, by the 
vanishing of that force, and at 
Z and Y by the effect of situa- 
I tion in the orbit annulling its 
action (art. 671.). In the 
arcs Z ft and Y d therefore the 
change of excentricity will be 
small, the acting force no where 
attaining either a great magni- 
tude or an advantageous situation within tlicir limits. And 



the force within these two arcs having the same character as 
to inward and outward, but being oppositely influential by 
reason of the approach of P to S in one of them and its recess 
in the other, it is evident that, so far as these arcs arc con- 
cerned, a very near compensation of effects will take place, 
and though the apogeal arc Y d will he somewliat more in- 
fluential, this will tell for little upon the average of a revo- 
lution. 

(689.) The arcs ft D c and rfE a are each much less than a 
quadrant in extent, and the force acting inwards throughout 
them (which at its maximum in D and E is only half the 
outward force at B) degrades very rapidly in intensity 
towai*ds either syzygy (see art. 676.). Hence whether Z be 
-between ft c or ft A, the effects of the force in these arcs 
will not produce very extensive changes on the excentricity, 
and the changes which it does produce will (for the reason 
already given) be opposed to each other. Although, then, 
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the arc a cZ be farther from perigee than h and therefore the 
force in it is greater, yet the predominance of eflcct here 
will not be very marked, and will moreover be partially 
neutralized by the small predominance of an opposite character 
in Y d over Z On the other hand, the arcs a Z, c Y are 
botli lar<>*er in extent than either of tlie others, and the 
seats of action of forces doubly powerlul, Tlieir innuence, 
therefore, will be of most importance, and their preponderance 
one over the other, (being opposite in their tendencies,) will 
decide the question whether on an average of the revolution, 
the exccntricity shall increase or diminish. It is clear 
that the decision must be in favour of c Y, the apogeal arc, 
and, since in this the force is on/:tf:a/rh' and tiic moon receding 
from the earth, an increase of the cxccntriclty will arise from 
its influence. A similar reasoning will, evidently, lead to the 
same conclusion were the apogee and perigee to change 
places, for the directions of P’s motion as to approach and 
recess to S will he indeed reversed, but at the same time 
the dominant forces will have changed sides, and the arc a A Z 
will now give the character to the result. But when Z lies 
between A and E, as the reader may easily satisfy himself^ 
the case will be altogether diflerent, and the reverse conclusion 
will obtain. Hence the changes of exccntricity emergent on 
the average of single revolutions from the action of the normal 
force will be as represented by the signs + and ~ in the 
figure above annexed, 

(690.) Let us next consider the cflbct of the tangential 
force. This retards P in the quadrants A 1), B E, and 

accelerates it in the alternate 


ones. In the whole quadrant 
A I), therefore, the effect is of 
^ one character, the perigee 

being less than 90"" from every 
point in il, and in the whole 
quadrant B E it is of the oppo-. 
site, the apogee being so si- 
tuated (art. 6 70.) Moreovei% 

in the middle of each quadrant, the tangential force is at its 
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iiiaximuui. Now, iii the other quadrants, A and 1) B, tho 
change from perigeal to apogeal vicinity takes place, and the 
tangential tbrcc, however powerful, has its eflcct annulled 
by situation (art. 670.), and this happens more or less nearly 
about the points where the force is a maximum. These 
quadrants, then, arc far less influential on the total result, 
so that the character of that result will be decided by the 
predominance of one or other of the former quadrants, and 
will lean to thfit which lias the apogee in it. Now iu the 
quadrant li E the force retards the moon and the moon is in 
apogee. Therefore the cxcenUdcity increases. In this 
situation therefore of the apogee, such is the average result 
of a complete revolution of the moon. Here again also if the 
perigee and apogee change places, so will also tlie character of 
all the partial influences, arc for arc. But the quadrant A D 
will now preponderate instead of D E, so that under this double 
reversal of conditions the result will be identical. Lastly, 
if the line of apsides be in A E, B D, it may be shown in 
like manner that the excentricity will diminisli on the average 
of a revolution. 

(691.) Thus it appears, that in varying the excentricity, 
precisely as in moving the line of apsides, the direct elfect 
of the tangential force conspires with that of the normal, and 
tends to increase the extent of the deviations to and fro on 
either side of a mean value which the varying situation of 
the sun with respect to the line of apsides gives rise to, 
having for tlioir period of restoration a synodical revolution 
of the sun and apse. Supposing the sun and apsis to start 
together, the sun of course will outrun the apsis (whose 
period is nine years), and in the lapse of about (i-r^V) 
of a year will have gained on it 90®, during all wliich iiterval 
the apse will have been in the quadrant A E of our figure, 
and the excentricity continually decreasing. Tlic decrease 
will then cease, but the excentricity itself will be a minimum, 
the sun being now at right angles to tlio line of apsides. 
TTience it will increase to a maximum when the sun has 
gained another 90^, and again attained the line of apsides, and 
so on alternately. The actual effect on the numerical vsdue 
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of the lunar excentricity is very considerable, the greatest 
and least excentricities being in the ratio of 3 to 2.* 

(692.) The motion of the apsides of tlie lunar orbit may 
be illustrated by a very pretty mechanical experiment, which 
is otherwise instructive in gwing an idea of the mode in 
which orbitual motion is carried on under the action of cen- 
tral forces variable according to the situation of the revolving 
body. Let a leaden weight be suspended by a brass or iron 
wire to a hook in the under side of a linn beam, so as to 
allow of its free motion on all sides of the vertical, and so 
that when In a state of rest it shall just clear the floor of the 
room, or a table placed ten or twelve feet beneath the hook. 
The point of support should be well secured from wagging 
to and fro by the oscillation of the weight, whicli should be 
sufficient to keep the wire as tightly stretched as it will bear, 
with the certainty of not breaking. Now, let a very small 
motion be communicated to the weight, not by merely witli- 
drawing it from the vertical and letting it fall, but by giving 
it a slight impulse sideways. It will be seen to describe a 
regular ellipse about the point of rest as its center. If the 
weight be heavy, and carry attached to it a pencil, whose 
point lies exactly in the direction of the string, the ellipse 
may be transferred to paper lightly stretched and gently 
pressed against it. In these circumstances, the situation of 
the major and minor axes of the ellipse will remain for a long 
time very nearly the same, thougli the resistance of the air 
and the stiffness of the wire will gradually diminish its 
dimensions and excentricity. But if the impulse cotn- 
inunicated to the weiglit be considerable, so as to carry It 
out to a great angle (15° or 20° from the vertical), this per- 
inanen(?o of situation of the ellipse will no longer subsist. 
Its axis will be seen to shift its position at every revolution 
of the weiglit, advancing in the same direction with the 
weight’s motion, by an imifomi and regular progression, 
which at length will entirely reverse its situation, bringing 
the direction of the longest excursions to coincide with that 
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•n which the shortest were previously made ; and so on, 
round the whole circle ; and, in a word, mutating to the 
eye, very completely, the motion of the apsides of the moon’s 
orbit. 

(693.) Now, if we inquire into the cause ’of this pro- 
gression of the apsides, it will not be difficult of detection. 
AVhen a weight is suspended by a wire, and drawn aside from 
the vertical, it is urged to the lowest point (or rather in a 
direction at every instant perpendicular to the wire) by a 
force which varies as tlic sine of the deviation of the wire 
from the pcipcndicular. Now, the sines of very small arcs 
are nearly in the j)roportion of the arcs themselves ; and tlie 
more nearly, as the arcs are smaller. If, therefore, the 
deviations from the vertical be so small that ’sve may neglect 
the cur^ aturc of the sjdierical surface in which tl}C woiglit 
moves, and regard tlic curve dcsci‘ibed as coincident with its 
j)rojection on a horizontal plane, it will be tlicri moving 
under the same circumstances as if it were a revolving body 
attracted to a center by a force varying directly as the 
distance ; and, in this case, the curve described would be an 
ellipse, having its centre of attraction not in the fociLS, but 
in the center and the apsides of this ellipse %vould remain 
fixed. But if the excursions of the weight from tlie vertical 
be considerable, the force urging it towards the center will 
deviate in its law from the simple ratio of the distances ; 
being as tlie .sine^ while the distances are as the «rc. Now 
the sine, though it continues to increase as the arc increases, 
yc| does not increase so fast. So soon as the arc lias any 
sensible extent, the sine begins to fall soioewhat short of tlie 
magnitude which an exact numerical proportionality would 
require ; and therefore the force urging the weight Upwards 
its center or point of rest at great distances falls, in like 
proportion, somewdiat sliort of tKat which would keep the 
body in its precise elliptic orbit. It will no longer, tliercfore, 
have, at those greater distances, the same command over the 
weight, m proportion to its speedy which would enable it to 
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deflect it from Its rcctiJiuear tangential course into an ellipse. 
The true path which it describes will be less curved in the 
remoter parts than is consistent with the elliptic figure, as in 
the annexed cut ; and, therefore, it will not so soon have its 
motion brought to be again at right angles to the radius. 
It will require a longer continued action of tlie central force 
to do this; and before it is accoinplLslied, more than a quadrant 
of its revolution must bo passed over in 

angular motion round the center. Ihit 

this is only stating at length, and in a 
J more circuitous nrinner, tliat fact wliich 

^ - - ‘ 1 is more briefly a i id s luamarily expressed 

‘ by saj ing that tlie apsides of its orbit 
' are progressive. hTothing beyond a fami- 

liar illustration is of course intended in 
what Is abose said. The case is not an exact parallel witli 
that of the lunar orbit, the disturbing force being simply 
radial, wliereas In the lunar orbit a transversal force Is also con- 
cerned, and even were it otlierwLse, only a confused and in- 
dlstiuct view of apsidal motion can ])e obtained from this kind 
of eonsldcration of the curvature of tlie disturbed path. If we 

would obtain a clear one, the tAvo foci of the install taueous 
elli[)se must be found from the laws of elliptic motion per- 
foi med under the influence of a force directly as the distance, 
and the radial disturbing force being decomposed into its 
tangential and noianal components, tlie momentary influence 
of cither iu altca'lng their positions and consequently the 
directions and lengths of the axis of the ellipse must Ji)c 
ascertained. The student will find it neither a difficult nor 
an uiiinstructive exercise to work out the case from these 
principles, which we cannot afford the space to do. 

(694.) The theory of tlie motion of the planetary apsides 
and the variation of tliei/ cxcentricitles is in one point of 
view much more simple, l)ut in another mucli more complicated 
ihan that of the lunar. It is simpler, because owing to tlie 
exceeding minuteness of the changes operated in the course 
of a single revolution, the angular position of the bodies with 
respect to the line of apsides is very little altered by the 
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niotlon of the apsides themselves. The line of .apsides neither 
follows up the motion of the disturbing body in its state of 
advance, nor vice versa^ in any degree capable of pro- 
longing materially their advancing or shoriening materially 
tlieir receding phase. Hence no second apj>roximation of the 
kind explained in (art. (>86.), by which the. motion of the 
lunar apsides is so powerfully modified as to bo actually 
doubled in amount, is at all required in the planetary theory. 
On the other hand, the latter theory is rendered more com- 
plicated than the former, at least in the cases of planets whose 
periodic times are to each other In a ratio much less than 13 
to 1, by the consideration tluit the disturbing body shifts its 
position with respect to the line of apsides by a much greater 
angular quantity in a revolution of the disturbed body than 
in the case of the moon. In that case we were at liberty to 
suppose (for the sake of explanation), without any very 
egregious error, that tlie sun held nearly a fixed position 
during a single lunation. Brit in the case of planets w'hose 
limes of revolution arc in a much lower ratio this cannot be 
permitted. In the case of Jupiter disturbed by Saturn for 
example, in one sidereal revolution of Jujnter, Saturn has 
advanced in its orbit with respect to the line of apsides of 
Ju{)iter i)y more than 14(T\ a change of dii’cction which 
entirely alters the conditions under which the disturbing 
forces act. And in the case of an exterior disturbed by an 
interior planet, tlie sitiiatioh of the latter w ith respc(‘t to the 
line of the apsides varies even more rapidly tli.au the situation 
of tjie exterior or disturbed planet w ith respect to the central 
body. To such cases then the reasoning wlilch w^e have 
applied to the lunar perturbations liecomes totally inappli- 
cable; and when w e take into consideration also tlie cxcen- 
tricity of the orbit of the disturbing body, wdiich in the most 
important ca^es is exceedingly Influential, the subject becomes 
fiir too conqilicated for verbal explanation, and can only be 
* successfully followed out with the help of algebraic cxpressiOTi 
and the application of the integral calculus. To Mercury, 
Venus, and the earth indeed, as disturbed by Jupiter, and 
lilanets superior to Jupiter, this objection to the reasoning in 
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c|uestion does not apply; and in each of these cases thercfoie 
we are entitled to conclude that the apsides are kept in a state 
of progression by the action of all the larger planets of our 
system. Under certain conditions of distance, excentricity, 
and relative situation of the axes of the orbits of the disturbed 
and disturbing planetSj, it is perfectly possible that the reverse 
may happen, an instance of which is aftbrded by Venus, 
whose apsides recede under the combined action of the earth 
and Mercury more rapidly than they advance under the joint 
actions of all the other planets. Nay, it is even possible 
under certain conditions that the line of apsides of the dis- 
turbed planet, instead of revolving always in one direction, 
may librate to and fro within assignable limits, and in a 
definite and regularly recurring period of time. 

695.) Under any conditions, however, as to these par- 
ticulars, the view ^vc have above taken of the subject 
enables us to assign at every instant, and in every con- 
figuration of the two planets, the momentary effect of each 
upon the perihelion and excentricity of the othei'. In the 
simplest case, tliat in which the tw’^o orbits arc so nearly circular, 
that the relative situation of their perihelia shall produce no 
appreciable difference in the intensities of the disturbing 
forces, it is very easy to show that whatever temporary 
oscillations to and fro in the positions of the line of apsides, 
and whatever temporary increase and diminution in the 
excentricity of eitlier planet may take place, the final effect 
on the average of a great multitude of revolutions, presenting 
them to eacli other in all possible configurations, must be 
nilj for both elements. 

(696.) To show this, all that is necessary is to cast our 
eyes o» the synoptic table in art. 673. If M, the disturbing 
Vx)dy, be supposed to be successively placed in two diametri- 
cally opposite situations in its orbit, the aphelion of P will 
stand related to M in one of these situations precisely as its 
perihelion in the other. Now the orbits being so nearly 
circles as supposed, the distribution of the disturbing forces, 
whether normal or tangential, is syn)TnetrIcal relative to their 
common diameter passing through M, or to the line of 
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syzygies. Hence it follows that the half of P’s orbit about 
perihelion” (art. 673.) will stand related to all the acting 
jPorces in the one situation of M, precisely as the half about 
aphelion ” does in the other : and also, that the half of the 
orbit in Avhicli P approaches S,” stands related to them in 
the one situation precisely as the half in which it recedes 
from S ” in the other. Whether as regards, therefore, the 
normal or tangential force, the conditions of advance or 
recess of apsides, and of increase or diminution of excen- 
tricities, are reversed in the two supposed cases. Hence it 
appears that whatever situation be assigned to M, and what- 
ever influence it may exert on P in that sitiiation, that 
influence will be annihilated in situations of M and P, 
djametrically op])Osite to those supposed, and thus, on a general 
average, the elFccl on both apsides and excentricities is 
reduced to nothing. 

(697.) If the oi'bits, however, be excentric, the symmetry 
above insisted on in the distribution of the forces does not 
exist. But, in the first place, it Is evident that if the excentri- 
cities be moderate, (as in the planetary orbits,) by far the 
larger part of the effects of the disturbing forces destroys 
itself in the manner described in the last article, and that it 
is only a residual portion, viz. that Avhich arises from the 
greater proximity of the orbits at one place than at another, 
which can tend to produce permanent or secular effects. The 
precise estimation of these effects is too comjflicatcd an affair 
for us to enter upon ; but we may at least give some idea of 
the process by which they are produced, and the order in which 
they arise. In so doing, it is necessary to distinguish between 
the effects of the normal and tangential forces. The effects 
of the former are greatest at the point of conjunction oi^ the 
planets, because the normal force itself is there always at its 
maximum ; and although, where the conjunction takes place 
at 90° from the line of apsides. Its effect to move the apsides 
is nullified by situation, and when in that line its effect on 
the excentricities is similarly nullified, yet, in the situations 
rectangular to these, it acts to its greatest advantage. On 
the other hand, the tangential force vanishes at conjunction, 
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whatever be the place of coTijunction with respect to the line 
of apsides, and where it is at its maximum its effect is still 
liable to be annulled by situation. Thus it appears that 
the normal force is most influential, and mainly determines 
the character of the general eifect. It is, therefore, at con- 
junction that the most influential effect is produced, and 
therefore, on the long average, those conjunctions which 
happen about the place where the orbits arc nearest will 
determine the general character of the effect. Now, tlic 
nearest points of approach of two ellipses which have a 
common focus may be very variously situated with respect 
to the perihelion of cither. It may be at the perihelion or 
the aphelion of the distui'bcd orbit, or in any intermediate 
position. Suppose it to be at tlie perihelion. Then, if the 
disturbed orbit bo interio)' to the disturbing, the force acts 
outwards, and therefore the apsides recede : if exterior, the 
force acts Inwai*ds, and tliey advance. In neither case does 
the excentrlcity change. If the conjunction take place at 
the aphelion of the disturbed orbit, the effects will bo re- 
versed : if intermediate, the apsides will be less, and the 
excentricity more affected. 

(698.) Supposing only two planets, this proceSwS would go 
on till the apsides and cxccntricities liad so far changed as to 
•alter the point of nearest ajiproacli of the orbits so as either 
to accelerate or retard and perhaps reverse the motion of tln^ 
apsides, and give to the variation of the excentricity a corre- 
epondiiig periodical character. But there are many planets 
all disturbing one another. And this gives rise to variations 
in the points of nearest ap])roach of all the orbits taken two 
and^two together, of a very complex nature. 

(699.) It cannot fail to have been remarked, by any one 
who lias followed attentively the above reasonings, that 
a close analogy subsists between two sets of relations ; viz- 
that between the inclinations and nodes on the one hand, and 
between the excentricity and apsides on the other. In fact, 
the strict geometrical theories of the twm cases present a 
close analogy, and lead to final results of the very same 
nature. What the variation of excentricity is to the motion 
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of the perihelion, the cliange of inclination is to tlie motion 
of the node. In cither case, the period of the one is also the 
period of the other ; and while the perihelia describe consi- 
derable angles by an oscillatory motion to and *fro, or cir- 
culate in immense periods of time round the entire circle, 
the cxcentricities increase and decrease by comparatively 
small changes, and are at length restored to their original 
magnitudes. In the lunar orbit, as the rapid rotation of the 
nodes prc\ cuts the change of inclination from accumulating 
to any material amount, so the still more rapid revolution of 
its apogee effects a speedy compensation in the fluctuations 
of its excentrlcity, and never suffers them to go to any 
material extent ; while the same causes, by presenting in 
ijnick succession the lunar orbit in every possible situation to 
all the disturbing forces, whether of the sun, tlic planets, oi 
the protuberant matter at the earth’s equator, prevent any 
secular accumulation of small changes, by which, in the lapse 
of ages, its cllipticlty might be materially increased or dimi- 
nished. Accordingly, observation shows the mean excentri- 
city of the moon’s orbit to be the same now as in the earliest 
ages of astronomy. 

(700.) The movements of the perihelia, and variations ol 
excentrlcity of the planetary orbits, are interlaced and com- 
plicated together in the same manner and nearly by the same 
laws as the variations of their nodes and inclinations. Each 
acts upon every other, and every such mutual action gene- 
rates its own peculiar period of circidatlon or compensation \ 
and every such period, in pursuance of the principle of art. 
650., is thence propagated throughout the system. Thus arise 
cycles upon cycles, of whose compound duration some i)^)tion 
may be formed, when we consider what is the length of one 
such period in the case of the two prificlpal planets — Jupiter 
and Saturn. Neglecting the action of the rest, the effect of 
their mutual attraction would be to produce a secular varia- 
tion in the excentricity of Saturn’s orbit, from 0-08409, its 
maximumy to 0*01345, its minimum value: while that of 
Jupiter would vary between the narrow limits, 0-06036 and 
0-02606 : the greatest excentricity of Jupiter corresponding 
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to the least of Saturn, and vice versa. The period in whicu 
these changes are gone through, would be 70414 years. 
After this example, it will be easily conceived that many 
millions of years will require to elapse before a complete 
fulfilment of the joint cycle which shall restore the whole 
system to its original state as far as the excentricities of its 
orbits are concerned. 

(701.) The place of the perihelion of a planet’s orbit is of 
little consequence to its well-being ; but its excentriclty is 
most important, as upon this (the axes of the orbits being 
permanent) depends the mean temperature of its surface, and 
the extreme variations to which its seasons may be liable. 
For it may be easily shown that the mean annual amount ol 
light and heat received by a planet from the sun is, ciBteru 
■paribus^ as the minor axis of the ellipse described by it. An} 
variation, therefore, in the excentricity, by changing the minoi 
axis will alter the mean temperature of the surface. How 
such a change will also influence the extremes of tempera- 
ture appears from art. 368. et seq. Now it may naturally be 
inquired whether (in the vast cycle above spoken of, in which, 
at some period or other, conspiring changes may accumulate 
on the orbit of one planet from several quarters,) it may not 
happen that the excentricity of any one planet — as the earth 
— may become exorbitantly great, so as to subvert those 
relations which render it habitable to man, or to give rise 
to great changes, at least, in the pliysicid comfort of his state. 
To this the researches of geometers have enabled us to answer 
in the negative. A relation has been demonstrated by 
Lagrange between the masses, axes of the orbits, and excen- 
tricitics of each planet, similar to what we have already 
stated with respect to their inclinations, viz. that if the mass 
of each planet he multiplied by the square root of the axis of its 
orbity and the product by the square of its excentricity^ the sum 
of all such products throughout the system is invariable ; an<l 
as, in point of fact, this sum is extremely small, so it will 
always remain. Now, since the axes of the orbits are liable 
to no secular changes, this is equivalent to saying that no 
one orbit sliall increjise its excentricity, unless at the expense 
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of a coinmon fund, the whole amount of which is, and must 
for ever remain, extremely minute.* 

(701. a.) (1865.) The actual numerical computation of 
the limiting excentricities of the plants, taking into ac- 
count all their mutual reactions, was attempted by La- 
grange in 1782; but owing to an erroneous assumption of 
the mass of Venus, his results were rendered uncertain. M. 
Leverrier, in a remarkable memoir published in 1843, has 
resumed the subject with the advantage of perfectly reliable 
data, and has obtained the following, as the 67//^677‘cr limits of 
excentricities of the seven principal then knoimi planets — viz., 
for that of Mercnry, 0*225646; Venus, 0*086716 ; the Earth, 
0*077747; Mars, 0*142243; Jupiter, 0*061548 ; Saturn, 
0*084919; and Uranus, 0*064646. And it is remarkable 
that although the eiToncous assumjitlon in question has 
vitiated Lagra nge’s conclusions as to the secular progression 
in the magnitudes of the excentricities, the superior limits 
arrived at by him agree very nearly indeed with these. For 
the inferior limit of tlnit of the Earth’s orbit, M. Leverrier 
assigns 0*003314, being the nearest ajjproaci) it will make to 
the circular form. This will be attained in 23980 years from 
the epoch A. I). 1800, for which the calculations are instituted; 
i,e, in A.l>. 25780. The trij)le period of the excentricities of 
Jupiter, Saturn, and Uranus, taken as a group, is 900,000 
years (uncertain to 4000 + ). The maxima and the minima 
of that of Saturn are separated by an interval of 34647 
years (imcertain to 117 + ), and its next minimum will 
happen in a.d. 17914 at Avhich ejioch its value will be 
0.0136. In the Appendix the reader ^*ill find the elements 
of the eartli’s orbit, calculated for intervals of 10,000 years 
from 100,000 years before a.d. 1800 to 100,000 a%r tlint 
date by M. Leverrier, and the excentricities by Mr. Croll 
for 1,000,000 years before and after the same epocli. 

• I'here is nothing in this relation, however, taken per to secure the smaller 
planets — Mercury, Mars, Juno, Ceres, &c. — froin a catastrophe, could they 
accumulate on tliemselves, or any one of them, the whole amount of this 
excentrUniy fund. But that can never be: Jupiter and Saturn will always retain 
the lion’s share of it, A similar remark applies to the Inclination fund of art. 
639. These funds, he it obscrved« can never get into debt. Every term of 
them is essentially positive> 
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CHAPTER XIV* 

OF THE INEQUALITIES INDEPENDENT OF THE EXCENTRICHTES. — 
THE moon’s variation AND PARALLACTIC INEQUALITY. ANA- 
LOGOUS PLANETARY INEQUALITIES. THREE CASES OF PLANETARY 

PERTURBATION DISTINGUISHED. OF INEQUALITIES DEPENDENT 

ON THE EXCENTUICITIES. LONG INEQUALITY OF JUPITER AND 

SATURN. — LAW OF RECIPROCITY BETWEEN THE PERIODICAL VA- 
RIATIONS OF THE ELEMENTS OF BOTH PLANETS. — LONG INE- 
QUALITY OF THE EARTH AND VENUS. V ARTATION OF THE EPOCH. 

— INEQUALITIES INCIDENT ON THE EPOCH AFFECTING THE MEAN 

MOTION. iNTKRITiETATION OF THE CONSTANT PART OF THESE 

INEQUALITIES. — ANNUAL EQUATION OF THE MOON. HER SE- 

CULAR ACCELERATION. — LUNAR INEQUALITIES DUE TO THE AC- 
TION OF VENUS. — EFFECT OF THE SPHEROIDAL FIGURE OP THE 
EARTH AND OmKR PLANETS ON THE MOTIONS OF THEIR SATEL- 
LITES, — OF THE TIDES. MASSES OP IHSTURBTNG BODIES DE- 

DUCIBLE FROM THE 1‘ERTURBATIONS THEY PRODUCE. MASS OF 

THE MOON, AND OF JUPTTER'S SATELIATES, HOW ASCERTAINED. 

rEKTURIiATIONS OF URANUS RESULTING IN THE DISCOVERY OK 

NEPTUNE. DETERMINATION OF THE ABSOLUTE MASS AM» 

DENSITY OF THE EARTH. 

(702.) To calculate the actual place of a [ilarict or the 
moon, in longitude and latitude at any assigned time, it in 
not enough to l^iiow the changes produced by perturbation 
ill the elements of its orbit, still less to know the secular 
changes so produced, which are only the outstanding or 
uncompensated portions of much greater changes induced in 
short periods of configupition. We must be enabled to 
estimate the actual effect on its longitude of those periodical 
accelerations and retardations in the rate of its mean angular 
motion, and on its latitude of those deviations above and below 
the mean plane of its orbit, which result from the continued 
action of the perturbative forces, not as compensated in long 
periods, but as in the act of their generation and destruction 
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in short ones- In tliis chapter we purpose to give an account 
of some of the most prominent of the equations or inequalities 
thence arising, several of wliich are of high liistorical interest, 
as having become known by observation previous to tlio 
discovery of their theoretical causes, and as having, by their 
successive explanations from the theory of gravitation, re- 
moved what were in some instances regarded as formidable 
objections against that theory^ and afforded in all most 
satisfactory and triumphant verifications of it. 

( 703 .) We shall begin witli those which compensate them- 
selves in a synodic revolution of the disturbed and disturbing 
body, and which are independent of any pemianent ex- 
centrlcity of cither orbit, going through their changes and 
effecting their compensations in orbits slightly elliptic, almost 
precisely as if they were circular. These inequalities result, 
in fact, from a circulation of the true upper focus of the 
disturbed ellipse about its mean place in a curve whose 
forai and magnitude the principles laid down in the last 
chapter enable us to assign in any proposed case. If the 
disturbed orbit be circular, this mean place coincides with its 
centre : if elliptic, with the situation of its upper focus, as 
determined from the principles laid down in the last chapter. 

( 704 .) To understand the nature of this circulation, we 
must consider the joint action of the two elements of the 
disturbing force. Suppose II to be the place of the U[)per 



focus, corresponding to any situation P of the disturbctl body^ 
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and let P P' be an infinitesimal element of its orbit, de- 
scribed in an instant of time. Then supposing no disturbing 
forco to act, P P' will be a portion of an ellipse, having H for 
its focus, equally whether the point P or P' be regarded. 
But now let the disturbing forces act during the instant of 
describing PP'. Then the. focus II will shift its position to 
H' to find which point we must recollect, 1st. What is demon- 
stralcd in art. (671.), viz. that the effect of the normal 
force is to vary the position of the liise II so as to make 
the angle H P H' equal to double the variation of the angle 
of tangency due to the action of that force, without altering 
the distance P II : so that in virtue of the normal force alone, 
H would move to a point /?, along tlie line H Q, drawn from 
H to a point Q, 90^ in advance of P, (because S 11 being 
exceedingly small, the angle P II Q may be taken as a rigid 
angle when P S Q is so,) H approaching Q if the normal 
force act outwards^ but receding from Q if inwards. And 
similarly the effect of the tangential force (art. 670.) is to 
vary the position of II in the direction H P or P IT, according 
as the force retards or accelerates P’s motion. To find TP 
then from II draw II P, II Q, to P and to a point of P’s 
orbit 90*^ in advance of P. On 11 Q take II /z, the motion 
of the focus due to the normal force, and on II P take H k the 
motion due to the tangential force; complete the parallelogram 
H II', and its diagonal TI H' will be the element of the true 
path of M in virtue of the joint action of botli forces. 

(705.) The most conspicuous cixsc in the planetary system 
to which the above reasoning is apjilicable, is that of the 
moon disturbed by the sun. The inequality thus arising 
is known by the name of the moon’s variation, and was dis- 
covered, so early as about the year 975 by the Arabian 
astronomer Aboul Wefa.^‘ Its magnitude (or the extent of 
fluctuation to and fro in 'the moon’s longitude which it pro- 
duces) is considerable, being no less than 1° 4', and it is 
otherwise interesting as being the first inequality produced 
by perturbation, w'hicli Newton succeeded in explaining by 

* Sedillot, Nouvelles Recherehes pour servir a I’Histoiie de rAstroiiomiechei 
ItiS Ambes. 
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the theory of gravity. A good general idea of its nature 
may be formed by considering the direct action of the 
disturbing forces on the moon, supposed to move in a circular 
orbit. In such an orbit undisturbed^ tlie velocity would be 
uniform ; but the tangential force acting to accelerate her 
motion through the (|uad rants jrrm'edimj h(U' conjunction and 
opposition, and to retard it tlirough the alternate quadrants, 
it is evident that tlie velocity will have two maxima and two 
nfinima, the former at the syz}'gies, tlie latter at the (juadra- 
tures. Hence at the syzygies the velocity will exceed that 
which corresponds to a circidar orbit, and at (pmdratiires will 
fall short of it. 'Hie true orbit will therefore be less curved 
or more flattened than a circle in syzygies, and more curved 
{L e. protuberant beyond a circle) in quadratures. This would 
be the case even were the normal force not to act. But the 
action of that force increases the effect in question, for at the 
syzygies, and as far as 6 H 14' on either side of them, it acts 
outwards, or in counteraction of the earth’s attiaetion, and 
thereby prevents the orblt’^from being so mu(di curved as it 
otherwise would be ; while at quadratures, and for 25^ 46' on 
either side of them, it acts inwards, aiding the earth’s attraction, 
and rendering that portion of the orbit more curved than it 
otherwise would be. Thus the joint action of both forces 
distorts the orbit from a circle into a flattened or elliptic 
form, having the longer axis in quadratures, and the shorter 
in syzygies ; and in this orbit the moon moves faster than 
with her mean velocity at syzygy (/, e. A>’here she is nearest the 
earth) and slower at quadratures where farthest. Her an- 
Jar motion about the earth is theixTure for both reasons 
greater in the former than in the latter situation. 1 fence at 
syzygy her true longitude seen from the earth will Inf in the 
act of gaining on her mean, — in quadratures of losing, and 
at some intermediate points (not very remote from the 
octants) will neither be gaining nor losing. But at these 
j)oints, having been gaining or losing through the whole pre- 
vious 90^, the amount of gain or loss will have attained its 
maximum. Consequently at the octants the true longitude 
will deviate most from the moan in excess and defect, and the 
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inequality in question is therefore nil at syzygies and qua- 
dratures, and attains its maxima in advance or retardation at 
the octants, which is agreeable to observation. 

(706.) Let us, however, now see what account can be 
rendci cd of this inequality by the simultaneous variations of 
the axis and excentricity a» above explained. The tangen- 
tial force, as will be recollected, is nil at syzygies and quadra- 
tures, and a maximum at the octants, accelerative in the 
quadrants E A and D B, and retarding in AD and BE. In 
the two former then the axis is in process of lengthening ; in 
the two latter, shortening. On the other hand the normal 
force vanishes at («, d., e) 64° 14' from the syzygies. It 

acts outwards over e A a, b B rf, and inwards over a D h and 
r/Ec. In virtue of the tangential force, then, the point II 
moves towards P when P is in AD, BE, and from it 
when in D B, E A, the motion being 7iil when at A,B, D, E, 
and most rapid Avhen at the octant D, at which points, 
therefore, (so far as this force is concerned,) the focus H 
would liave its mean situation. And in virtue of the normal 
focus, the motion of H in the direction HQ will be at its 
inaximum of rapidity towards Q at A, or B, from Q at D or 


n 



E, and nil at a, d, c. It will assist us in following out 
tliose indications to obtain a notion of tlic form of the curve 
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really described by H, if we trace separately the paths which 
II would pursue in virtue of either niotioii separately, since 
its true motion will necessarily result from the superposition 
of these partial motions, because at every instant they are 
at right angles to each other, and therefore cannot interfere. 
First, then, it is evident, from what \ve have said of tlie 
tangential force, that when P is at A, H is for an instant at 
rest, but that as P removes from A towards D, II continually 
approaches P along their line of junction II P, which is, 
therefore, at each instant a tangent to the path of H. When 
P is in the octant, II is at its mean distance from P (equal to 
P S), and is then in the act of approaching P most raj)idly. 
From thence to the quadrature D tlie movement of M to- 
w^ards P decreases in rapidity till the quadrature is attained, 
Avhen II rests for an instant, and then begins to reverse its 
motion, and travel from P at the same rate of progress as 
before towai'ds it. Thus it is clear that, in virtue of tlie 
tangential force alone, H wmuld describe a four-ciisped 
curve a, rf, its direction of motion round S in this curve 
being opposite to that of P, so that A and a, D and r/, B and 
6, E and c, shall be corresponding points. 

(707.) Next as regards the normal force. When the 


i*» 



moon is at A the motion of H is towards D, and is at it> 
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maximum of rapidity, but slackens as P proceeds towards 1) 
and as Q proceeds towards B. To the curve described, HQ 
will be always a tangent, and since at the neutral point ot 
the normal force (or wlien P is 64*^ 14' from A, and Q 64^ 
14' fi om D), the motion of II is for an instant nil and is then 
reversed, the curve Avill have a cusp at I corresponding, and 
H Avill then begin to travel along the arc I m, while P de- 
scribes the corresponding arc from neutral point to neutral 
point througli D. Arrived at the neutral point between I) 
and B, the motion of H along Q II will be again arrested 
and reversed, giving rise to another cusp at and so on. 
Thus, in virtue of the normal force acting alone, the ))ath of 
H would be the four-cusped, elongated curve / m n de- 
scribed with a motion round S the reverse of P’s, and having 
a, d, i, € for points corrcs[)onding to A, 15, I), E, places 
of P, 

(708.) Nothing is now easier than to sii]>erpose these mo - 
tions. Supposing lip ITg to be the ])oints in either curve cor- 
responding to P, we I^ave nothing to do but to set from off S, S/i 
equal and parallel to S II, in the one curve and from A, h H 
equal and parallel to SH., in the other. Let this be done 
for every corresponding |)oint in the two curves, and there 
results an oval curve a d b c, having for its semiaxes Srt, 
+ 8^2 ; and Sr/=: S^/j 4- Srfg* will be the true path 

of the up])cr focus, tlie points //, d. b, c, corresponding to 
A, 1), B, E, places of P. And from this it follows, 1st, 
that at A, B, the t^yj'^ygics, the moon is In j)erigec in her mo- 
mentary ellipse, tlic lower focus being nearer tlian the u])per. 
2dly, That in quadratures D, E, the moon is in apogee in her 
then momentnry ellipse, the upper focus being then nearer 
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than the lower. 3dly, That II revolves in the oval adbe 
the contrary way to P in its orbit, making a complete revo- 
lution from syzygy to syzygy in one synodic revolution of 
the moon. 

(709.) Taking 1 for the moon^s mean distance from the 
earth, suppose we represent S«i or S^i (for they are equal) 
by 2 «, 8^2 by 2 i, and 8^2 by 2 c, then will the semiaxes 
of the oval adhe^ Qa and Sc? be respectively and 

2a -f 2 c, so that the excentricities of the momentary ellipses 
at A and D will be respectively a 4- 5 and a 4 e. The total 
amount of the effect of the tangential force on the aj'z.?, in 
passing from syzygy to quadrature, will evidently be equal 
to the length of the curvilinear arc {Jijj. art. 708.), 

which is necessarily less than Srtj 4 Sf/j or 4(r/. Therefore the 
total effect on the semiaoris or distance of the moon is less than 
2 c!, and the excess and defect of the greatest and least values 
of this distance thus varied above and below the mean value 
S A =1 (which call u) will be less than a. The moon then 
is moving at A in the perigee of an ellipse whose semi axis is 
1 4 a and cxccntricity a 4 Z», so that its actual distance from 
the earth there is 1 4 a— a— which (because a is less than 
«) is less than 1 — Again, at D it is moving in apogee of 
an ellipse w^hose semiaxis is 1 — a and excentricity a 4 c, so 
that Its distance then from the earth is 1 — a 4 a 4 c, which 
(a being greater than a) is greater than 1 4 c, the latter 
distance exceeding the former by 2 a — 2 a 4 i 4 c. 

(710.) Let us next consider the corresponding changes in- 
duced upon the angular velocity. Now it is a law of elliptic 
motion that at different points of differeritellipses, each differ- 
ing very little from a circle, the angular velocities are to each 
other as the square roots of the semiaxes directly, and as the 
squares of the distances inversely. In this case the semiaxes 
at A and D are to each other as 1 4 « to 1 —a, or as 1 : 1 
— 2 a, so that their square roots are to each other as 1 : 1 — a. 
Again, the distances being to each other as 1 4 «— i • I-^ 
a 4 a 4 c, the inverse ratio of their squares (since a, a, c, 
are all very small quantities) is that of 1 — 2 a 4 2 a 4 2 c : 1 4 
2 a— 2 a— 2 &, or as I : 1 — 4a — 4a — 2 /) — 2 c. The angular 
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velocities then are to eacli other in a ratio compounded of 
these two proportions, that is in the ratio of 
1 I 1 -f- •— 4<7. 

which is evidently that of a greater to a less quantity. It is 
obvious also, from the constitution of the second term of this 
ratio, that the normal force is far more influential in pro- 
ducing this result than the tangential. 

(711.) In the foregoing reasoning the sun has been re- 
garded as fixed. Let us now suppose it in motion (in a 
circular orbit), then it is evident that at equal angles of 
ehngation (of P from M seen from S), equal disturbing 
forces, both tangential and normal, will act : only the syzygies 
and quadratures, as well as the neutral points of the normal 
force. Instead of being points fixed in longitude on the orbit 
of the moon, will advance on that orbit with a uniform angular 
motion equal to the angular motion of the sun. The cus- 
pidated curves and fig, art, 708., wdll, 

therefore, no longer be re-entering curves ; but each will 
have its cusps screwed round as it were in the direction of 
the sun’s motion, so as to increase the angles between them 
in the ratio of tlie synodical to tlie sidereal revolution of the 
moon (art. 418.). And if, in like manner, the motions in 
these two curves, thus separately described by II, be com 
pounded, the resulting curve, though still (loosely speaking) a 
species of oval, will not return into itself, but will make 
successive spiroidal convolutions about S, its farthest and 
nearest points l)eing in the same ratio more tlian 90^ asunder. 
And to this movement that of the moon herself will conform, 
describing a species of elliptic spiroid, having its least dis- 
tances always in the line of syzygies and its greatest in that 
of quadratures. It is evident also, that, owing to the longer 
continued action of both forces, i,€. owing to the greater 
arc over which their intensities increase and decrease by 
equal steps, the branches of each curve between the cusps 
will be longer, and the cusps themselves will be more remote 
from S, and in the same degree wdll the dimensions of the 
resulting oval be enlarged, and with them the amount of the 
inequality in the moon’s motion which they represent. 
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(712.) In the above reasoning the sun’s distance Is sup- 
posed so great, that the disturbing forces in the semi-orbit 
nearer to it shall not sensibly differ from those iu tlie more 
remote. The sun, however, is actually nearer to the moon 
in conjunction than in opposition by about one two-hundredtii 
part of its whole distance, and this suffices to give rise to a 
very sensible inequality (called the ])arallactic inetpiaUty) 
iu the lunar motions, amounting to about 2' In its effect on 
the moon’s longitude, and having for its period one synodical 
revolution or one lunation. As this inequality, though 
sid)ordinate in the case of the moon to the great inequality 
of the variation with wliich it stands in connexion, becomes 
a prominent feature in tlie system of inequalities correspond- 
ing to it in the planetary perturbations (by i^eason of the 
very great variations of their distances from conjunction to 
opposition), it will be necessary to indicate what modifica- 
tions this consideration will introduce into the forms of our 
focus curves, and of their suj)erposed oval. Kccurring then 
to our figures in art. 706, 707., and supposing the moon to set 
out from E, and the upper focus, in each curve from e*, it is 
evident that tlie intcrcuspidal arcs e a rf, in the one, and 
e j)y p a I dy in tlie other, being described under the influence 
of more powerful forces, will be greater than the arcs d by 
b €y and dm^mh w, n e corresponding iu the other half revo- 



* 
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lution. The two extremities of these curves then, the initial 
and terminal places of e in each, will not meet, and the same 
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conclusion will hold respecting those of the compound oval 
in which the focus really revolves, which will, therefore, be 
as in the annexed figure. Thus, at the end of a complete 
lunation, the focus will have shifted its jdace from e to y in a 
line parallel to the line of quadratures. The next revolution, 
and the next, the same thing would happen. Meanwhile, 
however, the sun has advanced in its orbit, and the line of 
quadratures has changed its situation by an equal angular 
motion. In consequence, the next terminal situation (//) of 
the forces will not lie in the line e f prolonged, but in a line 
parallel to the new situation of the line of quadratures, and 
this process continuing, will evidently give rise to a move- 
ment of circulation of the point e, round a mean situation in 
an annual period ; and this, it is evident, is equivalent to 
an annual circulation of the central point of the compound 
oval itself, in a small orbit about its mean position S. Thus 
we see that no permanent and indefinite increase of excen- 
tricity can arise from this cause ; which would be the case, 
however, but for the annual motion o(' the sun. 

(713.) Inequalities precisely similar in principle to the 
variation and parallactic inequality of the moon, though 
greatly modified by tlie different relations of the dimensions 
of the orbits, prevail in all cases where planet disturbs planet. 
To what extent this modification is carried will be evident, 
if we cast our eyes on the examples given in art. 012., where 
h, will be seen that the disturbing force in conjunction often 
exceeds that in opposition in a very high ratio, (being in the 
case of Neptune disturbing Uranus more than ten times as 
great). Tlie effect will be, that the orbit described by the 
center of the compound oval about S, will be much greater 
relatively to the dimensions of that oval itself, than in the 
case of the moon. liearing in mind the nature and import 
of this modification, we may proceed to enquire, apart from 
it, into the number and distribution of the undulations in the 
contour of the oval itself arising from the alternations of di- 
rection plm and mi/ms of the disturbing forces in the course of 
a synodic revolution. But first it should be mentioned that, 
in tlie case of an exterior disturbed by an interior planet. 
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the disturbing body’s angular motion exceeds that of tbe dis- 
turbed. Hence P, though advancing in its orbit, recedes 
relatively to the line of syzygies, or, which comes to the same 
thing, the neutral points of either force overtake it in s\ic- 
cession, and each, jis it comes up to it, gives rise to a cusp in 
the corresponding curve. The angles between the suc- 
cessive cusps will therefore be to tlie angles between the cor- 
responding neutral points for a fixed position of M, in the 
same constant latio of the synodit; to tlie sidereal period of P, 
which however is now a ratio of less inequality. Tliese 
angles tlien will be contracted in amplitude, and, for the same 
reason as before, the excursions of the focus will be dimi- 
nished, and the more so the shorter the synodic revolution. 

(714.) Since the cusps of either curve recur, in successive 
synodic rc^olutIons in the same order, and at the same 
aimular distances from each other, and from the line of con- 

i , ... ... 

junction, the same will be true of all the corresponding points 
in the curve rcisulting from their superposition. In that 
curve, every cusp, of either constituent, will give rise to 
a convexity, and every intercuspidal arc to a relative con- 
cavity. It is evident then that the coinpoiuui curve or 
tiaie patli of the focus so resulting, but for the cause above 
mentioned, would return into itself, wlicnever the periodic 
times of the disturbing and disturbed bodies arc cora- 
jnensurate, l)ecause in tliat case the synodic period will also 
be comnieTisiirate with cither, and the arc of longitude 




intercepted between the sidereal place of any one conjunction, 
and that next following it, will he an aliquot part of 360^. 

K K 
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In all other cases it would be a nori-reeiiterlng, luorc or less 
undulatiiig and njore or less regular, spiroid, according to the 
number of cusps in each of the constituent curves (that is to 
according to the number of neutral points or changes of 
direction from inwards to outwards^ or from accelerating to 
retarding, and trice versa^ of the normal and tangential forces,) 
in a complete synodic revolution, and their distribution over 
the circumference. 

(715.) With regard to these changes, it is necessary to 
distinguish three cases, in which the perturbations of planet 
by planet are very distinct in character. 1st. When the 
disturbing planet is exterior. In this case there are four 
neutral points of either force. Those of the tangential force 
occur at the syzygies, and at the points of the disturbed orbit 
(which we shall call points of e([uidistan(*e), eejuidistant from 
the sun and tlie disturbing planet (at which points, as Ave 
have shoAvn (art. 614.), the total disturbing force is always 
directed inwards towards the sun). Those of the normal 
force occur at points intermediate between these last men- 
tioned points, and the syzygles, which, if the disturbing planet 
be very distant, bold nearly the situation they do in the lunar 
theory, i. e, considerably nearer the quadratures than the 
syzygies. In proportion as the distance of the disturbing 
planet diniinishcs, two of these points, viz. those nearest the 
syzygy, approac.h to each other, and to the S) zygy, and in 
the extreme case, when the dimensions of the orbits are equal, 
coincide with it. 

(716.) The second case is that in which the disturbing 
planet is interior to the disturbed, but at a distance from the 
sun greater than lialf that of the latter. In this case tlicre 
are four neutral points of the tangential force, and only two 
of the normal. Those of the tangential force occur at the 
syzygies, and at the points of equidistance. The force retards 
the disturbed body from conjunction to the first such points 
after conjunction, accelerates it thence to the opposition; 
thence again retards it to the next point of equidistance, 
and finally again accelerates it up to the conjunGtipn. As 
the disturbing orbit contracts In dimension the points of equi- 
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distance approacli ; their distance from Byzygy from 60® (the 
extreme case) dirninisliiag to nothing, wlien they coincide with 
each other, and with tlie conjunction. In thc3 c&,se of Saturn 
disturbed by .lupiter, that distance is only 23® 33'. The 
neutral points of the normal force lie somewhat beyond the 
quadratures, on the side of the opposition, and do not undergo 
any very mat(?rial change of situation with the contraction 
of tlie disturbing orbit. 

(717.) The tliird case is that in which the diameter of the 
disturbing Interior orbit is less tlian half that of the disturbed. 
Ill this case there arc only two poinfs of evanescence for 
either force. TJiose of the tangential force arc the syzygies. 
The disturbed planet is accelerated throughout the whole 
semi-revolution from conjunction to opposition, and retarded 
from o]>position to conjunction, the maxima of acceleration 
and retardation 0 (‘curring not far from quadrature. The 
neutral points of tlie normal force are situated nearly as in 
the last case; that is to say, beyond the ({iiadraturCvS towards 
the opposition. All these varieties the vStudent will easily 
trace out by simply drawing the figures, and resolving the 
forces in a series of cases, beginning with a very large and 
ending with a very small diameter of the disturbing orbit. 
It will greatly aid him in impressing on liis imagination the 
general relations of the subject, if he construct, as he proceedfl^ 



for each case, the elegant and symmetrical ovals in which the 
points N and L (j%. art. 675.) always lie, for a fixed position 
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of M, and of which the annexed figure expresses the forma 
they respectively assume In the third case now under consi- 
deration, The second only differs from this, in having the 
common vertex //i of both ovals outside of the disturbed orbit 
AP, while in the case of an exterior disturbing planet the 
oval m L assumes a four-lobed form ; its lobes respectively 
touching the oval m N in its vertices, and cutting the orbit 
A P in the points of equidistance and of tangency, (l e. where 
M P S is a right angle) as in this figure. 



(718.) It would be easy now, bearing these features In mind, 
to trace in any^ proposed case the form of the sj)iroid curve, 
described, as above exjilained, by the upper focus. It will 
suffice, however, for our present purpose to rcimxrk, 1st, That 
between every two successive conjunctions of P and M the 
same general form, the same subordinate undulations, and tlie 
same terminal displacement of the upper focus are continually 
repeated. 2{lly, That the motion of the focus in this curv(‘ 
is retrograde whenever the disturbing planet is exterior, and 
that in consequence the apsides of the momentary ellipse also 
recede, with a mean velocity sucJi as, but for that dis- 
placement, would l)rlng them round at each conjunction tn 
the sf^me relative situation Avith respect to the line of syzygles. 
.'idly. That in consequence of this retrograde movement of the 
apse, the disturbed planet, apart from that consideration, 
would be twice in pcribello and twice in aphelio in its 
momentary ellipse in each synodic revolution, just as in the 
case of the moon disturbed by^ the sun — and that in 
consequence of this and of the undulating movement of 
the focus II Itself, an inequality will arise, analogous. 
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nmtatis muiandls in each case, to the moon’s vaj’iation, under 
which term we comprehend (not exactly in conformity to its 
strict technical meaning in the lunar theory) not only the 
])rincii)al inecpiality thus arising, but all its subordinate fluc- 
tuations. And on this the parallactic inequality thus violently 
exaggerated is superposed. 

(719.) We come now to the class of inequalities which 
depend for their existence on an appretiable amount of per^ 
maiient excentricity in the orbit of one or of both the dis- 
turbing and disturbed planets, in consequence of which all 
tlicir conjunctions do not take place at equal distances either 
from the central body or from each other, and tlicrefore that 
symmetry in every synodic revolution on which depends the 
exact restoration of both the axis and excentricity to their 
original values at the completion of each sucli revolution no 
longei* subsists. In passing from conjunction to conjunction, 
then, there will no longer be effected either a complete re- 
^ioration of tlui up])cr focus to the same relative situation, or 
of tlie axis to the same length whicli they respectively liad at 
tlic out set. At the same time it Is not less evident that the 
iliflerences iti i)Oth respects are only what remain outstanding 
alter the compensation of by far the greater part of the de- 
viations to and fro from a mean state which occur in the course 
of the revolution ; and that they amount to but small fractions 
of the total excursions of the focus from its first position, or 
of the increase and decrease in tlic Icngtli of the axis effected 
l)y the direct action of ihe tangential force, — so small, indeed, 
that, unless owing to peculiar adjustments they be enabled 
to accumulate again and again at successive conjunctions in 
the same direction, tliey would be altogether undeserving of 
any especial notice in a work of this nature. Such s^Ijust- 
ments, however, would evidently exist if the periodic times 
of the planets were exactly commensurable ; since in that case 
all the possible conjunctions which could ever happen (the 
.elements not being materiaHy changed) would take place at 
fixed points in longitude, the intermediate points being never 
visited by a conjunction. Now, of the conjnnctions thus 
distributed, their relations to the lines of symmetry in the 
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orbits being all dissimilar, some one must be more influential 
than the rest on each of the elements (not necessarily tlie 
same upon all). Consequently, in a complete cycle of con- 
junctions, wherein cacli has been visited in its turn, tlici 
influence of that one on the element to which it stands so 
especially related will preponderate over the counteracting 
and compensating influence of the rest, and tlms, although 
in such a cycle as above specified, a further and much more 
exact compeuvsation will have been efiected in its value than 
in a single revolution ; still that compensation will not be 
complete, but a portion of the effect (be it to increase or to 
diminish the excentricity or the axis, or to cause the apse 
to advance or to recede,) will remain outstanding. In tlie 
next cycle of the same kind this will he repeated, and tlie 
result will be of the same character, and so on, till at length 
a sensible and ultimately a large amount of change shall luive 
taken place, and in fact until the axis (and Avith it the mean, 
motion) shall have so altered as to destroy tlie commcnsiira'- 
bility of jieriods, and the apsides haA^e so shifted as to alter 
the place of tlie most infliumtlal eonjunctlon. 

(720.) Now, although it is true that the mean motions of 
no tAVO planets are exactly commensurate, yet eases are not 
Avanting iu wliich there exists an ajiproach to this adjustment. 
For instance, in the case of Jiqiiter and SatuiTi, a cychi 
composed of five periods of du[)Iter and two of Saturn, 
although it does not exactly bring about the same configuration, 
does so pretty nearly. Five periods of Jupiter are 21663 
days, and two periods of Saturn, 21519 days. The differeiice 
is only 146 days, in which Jupiter describes, on an average, 
12*^, and Saturn about 5^; so that after the lapse of the 
formdl’ interval they will only be T from a conjunction iu 
the same parts of their orbits as before. If we calculate the 
time Avhich Avill exactly bring about, on tlie average, three 
conjunctions of the tAvo planets, wc shall find it to be 21760 
days, their synodical period being 7253-4 days. In this 
interval Saturn Avill have described 8^ 6' in excess of two 
sidereal revolutions, and Jupiter the same angle in excess of 
five. Every third conjunction, then, will take place 8^ 6' in 
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advance of the preceding, which is near enough to establish, 
not, it is true, an identity with, but still a great approach to 
the case in question. The excess of action, for several such 
triple conjunctions (7 or 8) in succession, will lie the same 
way, and at each ot* them the elements of P’s orbit and its 
angular motion will be similarly influenced, so as to accumu- 
late the effect upon its longitude ; thus giving rise to ai<, 
irregularity of considerable magnitude and very long period, 
wliich is well known to astronomers by tlie name of the great 
inequality of Jupiter and Saturn. 

(721.) The arc 8^ 6' is contained 44| times in the whole 
(rircumference of 360°; and accordingly, if wc trace round 
this particudar conjunction, we shall find it will return to the 
same ])oint of the orbit in so many times 21760 days, or in 
2648 years. But the conjunction we are now considering is 
only one out of three. The other two will happen at points 
of tlie orbit about 123^ and 246° <listant, and these points aho 
nrill advance by the same arc of* 8° 6' in 21760 days. Con- 
sequently the period of 2648 years will bring them all round, 
and in that interval caeJi of them will pass through that point 
of the two orl)its fj'om which wc commenced : lienee a. con-- 
junction (one or other of the three) will happen at that ])oint 
once in one tliird of this period, or in 883 years ; and this is, 
therefore, the cycle in v/liich the great inequality ” would 
undergo Its full compensation, did the elements of the orbits 
e(mtinuc all that time invariable. Their variation, however, 
is consiilerable in so long aii interval ; and, owing to this 
cause, the [leriod itself is prolonged to about 918 years. 

(722.) We have selected this inequality as the most remark- 
able instance of tliis kind of action on account of its magnitude, 
tlie length of its period, and its high historical intci'cst. It 
liad long boon remarked by astronomers, that on comparing 
together niodcrn with ancient observations of Jupiter and 
Saturn, the mean motions of these planets did not appear to 
be unifonn. The period of Saturn, for instance, appeared to 
luive been lengthening throughout the whole of the seven- 
teenth century, and that of Jupiter shortening — that is to 
Bay, the one planet was constantly lagging behindhand the 
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other getting in iidvancc of its calculated place. On the other 
hand, in the eighteenth century , a process precisely the reverse 
seemed to be going on. It is true the whole retardations 
and accelerations observed were not very great ; but, as their 
influence went on accumulating, they produced, at length, 
material differences between the observed and calculated 
places of both tliese planets, wliicli as they (*ould not then be 
accounted for by any theory, excited a high degree of attention, 
and were even, at one time, too hastily regarded as almost 
subversive of the Newtonian doctrine of gravity. For a long 
while this difference batfled every endeavour to account for 
it ; till at length Laplace pointed out its cause in the near 
commensurability of the mean motions, as above shown, and 
succeeded in calculating its period and amount. 

(723.) d he inequality in question amounts, at its maximnm, 
to an alternate gain and loss of about (f 49' in the longitude 
of Saturn, and a corresponding loss and gain of al)Out 0'^ 21' 
in that of Jupiter. That an acceleration in the one planet 
must necessarily be accompanied by a retardation in the other, 
miglit apj)ear at first sight self-evident, if we consider, that 
action and roa(*tion being equal, and in contrary directions, 
whatever moTnentum Jupiter communicates to Saturn in the 
direction P M, the same momentum must Saturn communicate 
to Jupiter in the direction M P. The one, therefore, it might 
seem to he plausibly argued, will bo dragged forward, 
whenever the other is pulled hack in its orbit. The inference 
is correct, so far as the general and final result goes ; but the 
reasoning by wbich it would, on the first glance, appear to be 
thus summarily cstablislied is fallacious, or at least incomplete. 
It is perfectly true that whatever momentum Jupiter com- 
munimtes directly to Saturn, Saturn c()mmunicates an equal 
momentum to Jupiter In an opposite linear direction. But It 
is not with the absolute motions of the two j)lauets in space 
that we are now concerned, but with tlie relative motion of 
each separately, with respect to the sun regarded as at rest.' 
The perturbative forces (the forces which disturb thrso relative 
motions) do not act along the line of junction of the planets 
(art. 614.). In the reasoning thus objected to, the at traction 
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of each on the sun lias been left out of the account and it 
remains to be shown that these attractions neutralize and 
(lesti'cy each other’s effects in considerable periods of time, 
as bearing upon the result in question. Suppose then that 
we for a moment abandon the point of view, in which we 
have hitlierto all along considered tlie subject, and regard the 
sun as free to move, and liable to be displaced by the attrac- 
tions of the two planets. Then wdJl the movements of all be 
performed about the common center of gravity, just as they 
would have been aliout the sun’s center regarded as immo- 
veable, the sun all the while circulating In a small orbit (with 
a motion compounded of the two elliptic motions it would 
liave in virtue of their separate attractions) about the same 
center. Now in this case M still disturbs P, and P, M, but 
the whole dhturhing force now acts along their line of junction, 
and since it remains true that wliatever momentum M gene- 
rates in P, P will generate the same in M In a contrary 
direction ; it will also lx* strictly true that, so far as a disturb- 
ance of tlieir elliptic motions about the common center of 
(jTomty of the sgstem is alone regarded, whatever disturbance 
of velocity is generated in the one, a contrary disturbance of 
velocity (only in the inverse ratio of the masses and modified, 
thougli iiCAxa' con trad icte<l, by the directions in 'which they 
are resj)ectively moving), w^ill be generatevl in the otlier. 
Now wlion wcare considering only iiie(jualities of long period 
comprehending many cxanplete revolutions of both , planets, 
and which arise from changes in the axes of the orbits, 
affecting their mean motious, it matters not whether we 
su|)| )ose these mot ions performed about the common center 
of gravity, or about the sun, which never departs from 
that center to any material extent (the mass of JJie sun 
being such in com[)arison with that of the planets, that 
that center always lies within his surface). The mean motion. 


* We are here reading a sorf. of recantation. In the edition of 183S the 
remarkable result in question is sought to be e.stal)iislied by this vicious reason- 
ing. 'rhe mistake is a very iiMtiiral one. and is so ajit to haiiMt. the ideas of 
l)egi;iner.s in this depart ineut of plivsics, that it is worth while cxjnessly to warn 
them agrtiusit it 
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therefore, legarded as the average angular velocity during a 
revolution, is the same whether estimated by reference to the 
sun’s center, or to the center of gravity, or, in other words, 
the relative mean motion referred to tlie sun is identical with 
the absolute mean motion referred to the center of gravity. 

(724.) This reasoning applies ecpially to every case of 
mutual disturbance resulting in a long inequality such as may 
arise from a slow and long-continued periodical increase and 
diminution of tlie axes, and geometers have accordingly 
demonstrated as a consequence from It, that the proportion 
ill which such inequalities affect the lojKjltudes, of the two 
planets concerned, or the maxima of the excesses an*d defects 
of their longitudes above and below their elliptic values, 
tlience atTsing, in each, arc to each other in the inverse ratio 
oi‘ their masses multiplied liy the vsquare roots of tlie major 
axes of their orbits, and this result is confiriried by observ- 
ation, and will be found verified iji tlie instance immediately 
in question as nearly as the uncertainty still subsisting as to 
the masses of the two planets will jiennit. 

(725.) Tlie inequality in question, as has been observed in 
general, (^art. 718.) would be much greater, were it not for the 
partial coinpensation wbich is operated in it in every triple 
coiijuncrion of the planets. Suppose 
P Q R to be SaturiUs orbit, and 
p q r J upiter’s ; and suppose a con- 
junction to take place at Pp, on the 
line S A; a second at 123^ distance, 
on the line SB; a third at 246° dis- 
tance, on S C ; and the next at 368°, 
on S D. This last-mentioned con- 
junction, taking place nearly in the 
situation of the first, will produce 
nearly a repetition of the first efle<jt in retarding or accelerating 
the planets; but the other two, being in the most remote 
situations possible from the first, will happen under entirely 
<liffercnt circumstances as to the position of the perihelia of 
tl\e orbits. Now, we have seen that a presentation of the one 
planet to the other in conjunction, in a variety of situations, 
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fiends to protluce compensation; and, in fact, tbc greatest 
j)ossible amount of compensation ivhicli can be produced by 
only three conjunctions is when they are thus equally dis- 
tributed round the center. Hence we see that it is not the 
whole amount of perturbation which is tiius accumulated in 
each triple conjunction, but only that small part which is left 
uncompensated by the intermediate ones. The reader, who 
possesses already some acquaintance with the subject, will 
not be at a loss to perceive how this consideration is, in fact, 
equivalent to that part of the geometrical investigation of this 
inequality which leads us to seek its expression in tcmis of 
the tliird order, or involving the cubes and products of three 
dimensions of the cxccutrlcities and inclinatioiis ; and how 
tlie continual accuniulation of small quantities, during long 
periods, corresponds to what geometers intend when they 
s])eak of snuill t<M*ms receiving great accessions of magnitude 
by the introduction of large coefficients in the process of 
integration. * 

(726.) Similar considerations apply to every case of ap- 
proximate coinmensurabllity wliich can take place among tlie 
mean motions of any two jdanets. Sucli, for instance, is that 
which obtains between the mean motion of the earth and 
Venus, — 13 times tlio period of Venus being very nearly 
equal to 8 times that of the earth. This gives rise to an ex- 
tremely near coincidence of every fiftli conjunction, in the 
same parts of each orbit (within ^lyth part of a circum- 
ference), and therefore to a coiTesj>ondii)gly extensive aiani- 
mulation of the resulting uncompensated perturbation, lint, 
on the other hand, iIac part of the perturbation thus accu- 
mulated is only that which rcunaiiis outstanding after passing 
the ecpializing ordeal of five conjunctions equally distributed 
round the circle ; or, in the language of geometers, is de- 
j)endent on powers and jnuducts^of tlie excentricities and 
inclinations of the fifth order. It is, therefore, extremely 
minute, and the whole resulting inequality, according to the 
elaborate calculations of Mr. Airy, to whom it owes its de- 
tection, amounts to no more than a few seconds at its inaximurn, 
wliile its period is no less than 240 years. This example will 
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serve to show to what minuteness tliesc enquiries have been 
carried in the planetary theory. 

(727.) That variationo of long period arising in the way 
above described are necessarily accompanied by similarly 
periodical displacements of the upper focus, equivalent in their 
effect to periodical fluctuations in the magnitude of the 
excentricity, and in the position of the line of apsides, is 
evident from what has been already said respecting the motion 
of the iip 2 )er focus under the influence of the disturbing forces. 
In tlie case of circular orbits the mmn place of H coincides 
with S the center of the sun, but if the orbits have any inde- 
pendent ellipticity, this coincidence w ill no longer exist — and 
the rncan place of the upper focus will come to be inferred 
from the avcirage of all the situations which it actually liolds 
during an entire revolution. Now the fixity of this point 
depends on the equality of each of the branches of the cus- 
pidated cin*y(^s, and coris<‘qucnt e<| uali ty of excursion of 
the focus in each particular direction, in every successive 
sltuatiou of the line of conjunction. But if there be some 
one line of coMjrmction in which these excursions are greater 
in any one parlicnlar direction than in another, the mean 
[)hic!e,^r the focus will he displaced, and if this process be re- 
peated, that mean jdace will continue to deviate more aud 
rnore from its original position, and thus will arise a circu- 
lation of the mean place of the focus for a revolution about 
another mean situatjon, the average of all the former mean 
places during a complete cycle of conjunctions. 8ii[)})osing 
S to be the sun, O the situation the upper focus would liave, 
had these inequalities no existence, and II K the path of the 
upper focus, which it pursues about O by reason of them, 
then it, is evident that in the course of a complete cycle of 
the inequality in question, the cxccntricity will have fluc- 
tuated between the extreme limits S J and S I and the di- 
rection of the longer axis between the extreme position S II 
and 8 Iv, and that if we suppose ij h k to be the (corresponding 
mean plac(‘s of the focus, i j will be the extent of the fluctu- 
ation of the mean excentricity, and the angle h s A, that of the 
longitude of the perigee. 
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(728.) The periods then in which these fluctuations go 
through their pliases arc necessarily equal in duration with 
that of the inequality in longitude^ Avltli which they stand in 
connection. Hut it l)y no means follows that their maxima 
all coincide. The variation of the axis to which that of the 
mean motion corres];>onds, depends on the tangential force only 
whose maximum is not at conjunction or opposition, but at 
points remote from either, while tlie excentrlclty depends 
both on the normal and tangential foi'ccs, the maximum of the 
former of which is at the conjunction. That particular con- 
junction therefore, which is most influential on the axis, is 
not so on the excentricity, S(3 that it can by no means be 
concluded that either the maximum value of the axis coincides 
with the maximum, or the minimum of the excentricity, or 
with the greatest excursion to or fro of the line of apsides 
from its mean situation, all that can be safely asserted Is, tliat 
as either the axis or the excentricity of the one orbit varies, 
that of the other will \ary in the opposite direction, 

(729.) The primary elements of the lunar and planetary 
orbits, wdilcli may be regarded as variable, are the I^^ngitude 
of the node, the inclination, the axis, excentricity, longitude 
of the perihelion, and epoch (art. 496.). In the foregoing 
articles ive have shoAvn in what manner each of the fii‘st five 
of these elements are made to vary, by the direct action of 
the perturbing fbi’ces. It remains to explain in wdiat manner 
the last comes to he affected by them. And here it is neces- 
sary, in tliQ first inKstanee, to removij some degree of obscurity 
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which may be tliotight to hang about the eense in which tljc 
term itself is to be understood in speaking of an orbit, every 
other element of which is regarded as in a continual state of 
variation. Supposing, then, that wo were to reverse the pro- 
cess of calculation described in arts. 499. and 500. by Avhich a 
planet’s heliocentric longitude in an elliptic orbit is computed 
for a given time; and setting ont with a heliocentric longitude 
ascertained by observatiou, all the other elements being known, 
wc were to calculate either what mean longitude the planet 
had at a given epochal time, or, whicli would come to the same 
thing, at what moment of time (tlumccforward to be assumed 
as an epoch) it had a given mean longitude. It is evident 
that by this means the eiioch, if not otherwise known, would 
l)ccomc known, whether wc consider it as the moment of time 
corresponding to a convenient mean longitude, or as the mean 
longitude corresponding to a convenient time. The la tter way 
of considering it has some advantages in respect of general 
convenience, and astronomers are in agreement in employing, 
iis an element rinder the title Epoch of the mean longitude,” 
the mean longitude of the planet so computed for a fixed date ; 
as, for instance, the commencement of the year 1800, mean 
time at a given place. Supposing now all the elements of the 
orbit invariable, if wewere to gotl)rougli this reverse process, 
and thus ascertain the epoch (so defined) from any number of 
diiferent perfectly correct heliocentric longitudes, it is clear 
we should always come to the same result. One and the 
same epoch ” would come out from all the calculations. 

(730.) Considering then the epoch” in this light, as 
merely a result of this reversed process of calculation, and not 
as the direct result of an observation instituted for the pur- 
pose at,.the precise epochal moment of time, (whicli would be, 
generally speaking, imppcticable,) it might be conceived 
subject to variation in two distinct ways, viz. dependently 
and independently. Dependently it must vary, as a necessary 
consequence of ‘the variation of the other elements; because, 
if setting out from one and the same observed heliocentric 
longitude of the planet, we calculate back to the epoch with 
two different “sets of intermediate elements, the one set con- 
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Sitting of those which it had immediately before its arrival at 
that longitude^ the other that which it takes up immediately 
after (/. e. with an unvaried and a varied system)^ we cannot 
(unless by singular accident of mutual counteraction) arrive 
at the same result ; and the difference of the results is evi- 
dently the variation of the epoch. On the other hand, how- 
ever, it cannot vary independently ; for since this is the only 
mode in whicli the unvaried and varied epochs can become 
known, and as both result from direct processes of calculation 
involving only given data, the rcvsults can only differ by 
reason of the difference of those data. Or we may argue 
thus. The cliange in the path of the planet, and its place in 
that path so changed, at any future time (supposing it to 
undergo no further variation), are entirely owing to the change 
in its velocity and direction, produced by the disturbing 
forces at the point of disturbance ; now these latter changes 
(as we have above seen) are completely represented by the 
momentary change in the situation of the upper focus, taken 
in comlvination with the momentary variation in the plane of 
the orbit; and these therefore express the total effect of the 
disturbing forces. There is, therefore, no direct and specific 
action on the epoch as an indej)cndont variable. It is simply 
left to accommodate itself to the altered state of things in the 
mode already indicated. 

(731.) Nevertheless, should the effects of perturbation l)y 
inducing changes on these other elements affect the mean lon- 
gitude of the planet in any other way than can be considered 
as properly taken account of, by the varied periodic time due 
to a change of axis, such effects must be regarded as incident 
on the epoch. I"his is tlie case with a very curious class of 
perturbations which we are now to consider, and wlvipli have 
their origin in an alteration of the average distance at which 
tlio disturbed body is found at every instant of a complete 
revolution, distinct from, and not brought about by the 
variation of the major semi-axis, or momentary mean dis-^ 
tance^^ which is an imaginary magnitude, to be carefully dis- 
tinguished from the average of the actxial distances now 
contemplated. Perturbations of this ek'iss (like the moon's 
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variation, with wlilcli they are intimately connected) are in- 
dependent on the exceutricity of the disturbed orbit ; for which 
reason we shall simplify our treatment of this part of the sub- 
ject, by supposing that orbit to have no permanent excen- 
tricity, the upper focus in Hs successive displacements merely 
revolving about a mean position coincident with the lower. 
W e shall also suiiposc M very distant, as in the lunar tlicory. 

(732.) Iteferring to what is said in arts. 706. and 707., and 
to the figures accompanying those articles, and coiLsidcring 
first the effect of the tangential force, we see that besides the 
effect of that force in changing the lengtli of the axis, and 
coMserpiently the periodic time, it causes the upper focus II to 
describe, in each revolution of P, a four-c lisped curve, a, r, 
nliout S, all whose intercuspidal arcs are similar and e({UHl. 
"rhis supposes ]\I fixed, and at an invariable distance, — suppo- 
sitions which simplify the relations of the subject, and (as we 
shall afterwards shoAv) do not affect tlie general nature of the 
conclusions to be drawn. In virtue, then, of the cxecntriclty 
tluis given rise to, P will be at the perigee of its momentary 
ellipse at syzygics aud in its apogee at quadratures. Ajjart, 
thareforcy from the change arishig from the variation of axis^ 
the distance of from S will be less at syzygics, and greater 
at quadratares, than in the original circle. But tlic average 
of all tlic distances during a whole i*evolution will be un- 
altered ; because the distances of a, </, /y, e from S being 
equal, and the arcs symmetri(.*al, the aj)})roach in and about 
perigee will be equal to the recess in and about apogee. And, 
in like manner, the effect of the changCKS going on in the 
length of the axis itself, on the average in question, is 
liecause the alternate increases and decreases of that lengdi 
balance eacb other in a complete revolution. Thus we sec 
that the tangential force is excluded from all influence in pro- 
ducing the class of perturbations now under consideration. 

(733.) It is otherwise with respect to the normal force. In 
virtue of the action of that force the upper focus describes, in . 
each revolution of P, the four-ciisped curve {jfg. art. 707.), 
whose intercuspidal arcs are alternately of very unequal 
extent, arising, as we have seen, from the longer duration and 
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greater energy oi' the outward than of the Inward action of the 
dioturhing force. Although, therefore, in perigee at syzygies 
and in apogee at quadratures, the apogeal recess is much 
greater than the perigeal approach, inasmuch as S d greatly 
exceeds S a. On the average of a whole revolution, then, the 
recesses will preponderate, and the average distance will there* 
fore be greater in the disturbed than in the undisturbed orbit. 
And it is manifest that this conclusion is quite independent 
of any change in the length of the axis, which the normal force 
lias no power to produce. 

(734.) But neither does the normal force operate any 
change of linear velocity in the disturbed body. Whoa 
(Mirried out, therefore, by the eifect of that force to a greater 
distance from S, tlie angular velocity of its motion round S 
will be diminished: and contrariwise when brought nearer. 
The average of all the momentary angular motions, therefore, 
will decrease with the increase in that of the momentary 
distances; and in a higher ratio, since the angular velocity, 
under an equable description of areas, is inversidy as the 
square of the distance, and the disturliing force, being (in the 
(‘ase supposed) directed to or from the center, does notdisturl) 
that equable description (art. 610.). Consequently, on tlie 
average of a whole revolution, the angular motion is slower, 
and therefore the time of completing a revolution, and retur ning 
to the same longitude, longer than in llie undisturbed orbit, 
nxiAthat independoJitof and without any reference to the length 
of the momentary axis, and the ^‘periodic time” or ^^inean 
motion” dependent thereon. We leave t ; the reader to follow 
out (as is easy to do) the same train of reasoning in the cases 
of planetary perturbation, when M is not very remote, and 
when it is interior to the disturbed orbit. In the latter case 
the preponderant effect changes from *a retardation of angular 
velocity to an acceleration, and the dilatation of tlie average 
dimensions of P’s orbit to a contnictioii. 

y735.) The above is an accurate analysis, according to 
strict dynamical principles, of an effect which, speaking roughly , 
may be' assimilated to an alteration of Ms gravitation towards 
S by the mean preponderant amount of the outward and 
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inward action of the nonnal forces constantly exerted — nearly 
as would be the case if the mass of the disturbing body were 
formed into a ring of uniform tluckness, concentric with S 
and of such diameter as to exert an action on P everywhere 
equal to such mean preponderant force, and in the same 
direction as to inwards or outwards. For it is clear that the 
action of such a ring on P, will be the diflerence of its attrac- 
tions on the two points P and S, of wliich the latter occupies 
its center, the former is exccntric. Now the attraction of a 
ring on its center is manifestly equal in all directions, and 
therefore, estimated in any one direction, is zero. On the 
other hand, on a point P out of its center, if ivlthin the ring, 
the resulting attraction will ahvays be outwards^ towards the 
nearest point of the ring, or directly from the center.'^ Put 
if P lie without the ring, the resulting force will act always 
inwards, urging P towards its center. Hence it appears that 
the mean effect of the radial force of the ring will be different 
in its direction, according as the orbit of the disturbing body 
is exterior or interior to that of the disturbed. In the former 


* As this is a proposition which the cquilibriiira of Saturn’s ring reniicrs not 
merely speculative or illustrative, it will be well to demonstrate it ; which may 
be done very simply, and without the aid of any calculus. Conceive a spherical 
shell, and a point within it: every line passing through tlic point, and termi- 
nating both ways in the shell, will, of course, be equally inclined to its surface 
at either end, bei)ig a chord of a spherical surface, and, therefore symmetrically 
related to all its parts. Now, conceive a small double cone, or pyramid, having 
its apex at the point, and formed by the conical motion of such a line round the 
point, 'riien u-ill the two portions of the spherical shi II, which form the bases 
of both the cones, or pyramids, be similar and equally inclined to their axes. 
Therefore their areas will be to each other as the squares of their distances from 
the C(nnmon apex. Therefore their attractions on it will be equal, becau.se the 
attraction is as the attracting matter directly, and the square of its distance in- 
vi^rsely. Now, these attractions act in opposite directions, and therefore counter- 
act ea^^h other. Therefore the point is in equilibrium betw^een them ; and as 
the same is true of every .such pair of areas into which the spherical shell can be 
broken up, therefore the point will be in equilibrium however situated wii/tin 
/cufh a spherical shell. Noav take a ring, and treat it similarly, breaking itscir- 
ciuviference up into pairs of elements, the bases of triangles formed by lines 
passing through the attracted point. Here the attracting elements being Hnes^ 
Kot surfaces^ are in the simple ratio of the distances, not the duplicate, as they 
should be to maintain the equilibrium. Therefore it will not be maintained, 
but the nearest elements will have the superiority, and the point will, on the 
whole, be urged towards the nearest part of the ring. The same is true of 
every linear ring, and is therefore true of any assemblage of concentric ones 
Winning a Hat annulus, like the ring of Saturn. 
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case it will act in diminution, in the latter in augmentation 
of the central gravity. 

(736.) Regarding, still, only the mean effect, as produced 
in a great number of revolutions of both bodies, it is evident 
that such an increase of central force will be accompanied 
with a diminution of periodic time and distance of a body 
revolving with a stated velocity, and vice versa. This, as we 
have shown, is the first and most obvious effect of the radial 
part of the disturbing force, when exactly analyzed. It alters 
permanently, and by a certain mean aniourit, the distances 
and times of revolution of all the bodies composing the 
planetary system, from what they would be, did each planet 
circulate about the sun uninfluenced by the attraction of tlie 
rest ; the angular motion of the interior bodies of the system 
being thus rendered less, and those of the exterior greater, 
than on that supposition. The latter effect, indeed, might he 
at once concluded from this obvious consideration, — that all 
the planets revolving interiorly to any orbit may be eonsidere<J 
as adding to the general aggregate of the attracting matter 
within, which is not the less efficient for being distributed 
c»ver space, and maintained in a state of circulation. 

(737.) This effect, however, is one which we have no means 
of measuring, or even of detecting, otherwise than by calcu- 
lation. For our knowledge of the periods of the planets is 
drawn from observations made on them in their actual state, 
and therefore under the influence of this, which may be 
regarded as a sort of constant part of the perturbative action. 
Ilieir observed mean motions are thc^refore affected by tlie 
whole amount of its influence ; and we have no means of dis- 
tinguishing this by observation from the direct effect of the 
sun’s attraction, with which it is blended. Our kno^/ledge, 
however, of the masses of the planets assures us tliat it is 
extremely small ; and this, in fact, is all which it is at all 
important to us to know, in the theory of their motions. 

(738.) The action of the sun upon the moon, in like 
manner, tends, by its mean influence during many successive 
revolutions of both bodies, to increase permanently the 
moon’s di>stance and periodic time. But this general average 

I- }. 2 
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is not established, either in the case of the moon or planets, 
without a series of surbordinate fluctuations, which we have 
purposely neglected to take account of in the above reasoning, 
and which obviously tend, in the average of a great multitude 
of revolutions, to neutralize each other. In the lunar theory, 
however, some of these subordinate fluctuations are very 
sensible to observation. The most conspicuous of these is 
the moon’s annual equation ; so called because it consists in 
an alternate increase and decrease in her longitude, corre- 
sponding with the earth’s situation in its annual orbit ; /. e, 
fo its angular distance from the perihelion, and therefore 
Jiaving a year instead of a month, or aliquot part of a montli, 
for its period. To understand the mode of its production, 
let us suj)})Ose the sun, still holding a fixed position in lon- 
gitude, to approach gradually nearer to the earth. Then 
will all its disturbing forces be gradually increased in a very 
high ratio compared with the diminution of the distance 
(being inversely as its cube; so that its effects of every 
kind are three times greater in respect of any change of 
distance, than tlicy would be by the simple law of pro- 
portionality). Hence, it is obvious that the focus TI (art. 
707.) ill the act of describing each intercuspidal arc of the 
curve c?, dy by c, will be continually carried out farther and 
farther from S ; and the curve, iiiKStead of returning into 
itself at tlie end of cacli revolution, will open out into a sort 
of cuspidated spiral, as in the figure 
annexed. lietracing now the reason- 
ing of art. 733, as adapted to this state 
of things, it will lie seen that so long 
as this dilatation goes on, so long will 
the (iifthrence between M’s recess from 
S in aphelio and its appioach in perihelio (which is equal to 
the diiference of consecutive long and short semidiameters of 
tliis curve) also continue to incretise, and with it tlie average 
of the distances of M from S in a whole revolution, and 
consequently also the time of performing such a revolution. 
The reverse process will go on as the sun again recedes. 
Thus it appears that, as the sun approaches the earth, the 
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mean angular motion of the moon on the avertige of a whole 
revolution will diminish, and the duration of each lunation 
will therefore exceed that of the foregoing, and vice versa. 

(739.) The moon’s orbit being supposed circular, the sun’s 
orbitual motion will have no other effect than to keep the 
moon longer under the influence of every gradation of the 
disturbing force, than would have been the case had his 
situation in longitude remained unaltered (art. 711). The 
same effects, therefore, will take place, only on an increased 
scale in the proportion of the increased time ; e. in the 
proportion of tlie vSynodic to the sidereal revolution of the 
moon. Observation confirms these results, and assigns to the 
inequality in question a inaxlinum value of betAveen 10' and 
ir, by which the moon is at one time in advanc'e of, and at 
another behind, its mean place, in consequence of tliis per- 
turbation. 

(740.) To this class of Inequalities we must refer one of 
great importance, and extending over an immense period of 
time, known by the name of tlie samlar acctdcratuni of the. 
inoori's mean motion. It had been observed by Dr. Halley, 
on (jompariiig together the records of tlie most ancient lunai 
eclipses of the Chaldean astronomers wdth those of modern 
times, that the period of the moon’s revohilion at present is 
sensibly shorter than at that remote epoch ; and this result 
was confirmed by a further comparison of both sets of 
observations with those of tlie Arabian astronomers of the 
eighth and ninth centuries. It appeared., from these com- 
[larlsons, that the rate at which the moon’s moan motion 
increases is about 11 secondvS per century, — a quantity small 
in itself, but becoming considerable by its accumulation 
during a succession of ages. This remarkable fact, like the 
great equation of Jupiter and Satijrn, had been long the 
subject of toilsome investigation to geometei*s. Indeed, so 
difficult did it appear to render any exact account of^ tliat 
Vhile some were on the point of again declaring the theory 
of gravity inadequate to its explanation, others were for 
rejecting altogether the evidence on whi<.Ii it rested, although 
quite as satisfactory as that (»n which most historical events 
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are credited. It was in this dilemma that Laplace once 
more stepped in to rescue physical astronomy from its 
reproach, by pointing out the real cause of the pha3nomenori 
in question, which, when .^o explained, is one of the most 
curious and instructive in the whole range of our subject, — 
one which leads our speculations ftirthcr into the past and 
future, and points to longer vistas in the dim perspective of 
changes which our system has undergone and is yet to 
undergo, than any other which observation assisted by theory 
lias developed. 

(741.) The year is not an exact number of lunations. It 
consists of twelve and a fraction. Supposing then the sun 
and moon to set out from conjunction together; at the 
twelfth conjunction subsequent the sun will not have re- 
turned precisely to the same point of its annual orbit, but 
will fall somewhat short of it, and at the thirteenth will have 
overpassed it. Hence in twelve lunations the gain of 
longitude during the first half year will be somewhat under 
and in thirteen somewhat over-compensated. In twenty- 
six it will be nearly twice as much over-compensated, in 
thirty-nine not quite so nearly three times as much, and so 
on, until, after a certain number of such multiples of a lunation 
have elapsed, the sun will be found half a revolution in 
advance, and in place of receding fartlicr at the expiration of 
the next, it will have begun to approach. From this time 
every succeeding cycle will destroy some portion of that over- 
compensation, until a complete revolution of tlie sun in excess 
shall be accomplished. Thus arises a subordinate or rather 
supplementary inequality, having for its period as many years 
as is necessary to multiply the deficient arc into a whole 
I’evolution, at the end of which time a much more exact 
compensation will have^ been operated, and so on. Tluis 
after a moderate number of years an almost perfect com- 
pensation will be effected, and if we extend our views to 
centuries we may consider it as quite so. Such at least* 
would be the case if the solar ellipse were invariable. 
But that ellipse is kept in a continual but excessively slow 
state of change by the action of the planets on the earth. 
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Its axis, it is true, remains unaltered ; but its excentricity 
is, and has been since the earliest ages, diminishing ; and this 
dimmution will continue, as is explained in Art (701. a.), till 
t)ie excentricity has attained its minimum value, 0*003314 ; 
after which it will again open out into an ellipse, increasing in 
excentricity up to 0*077747, and then again decrease. The 
time required for these evolutions, though calculable, has not 
been calculated, further than to satisfy us that it is not to 
be reckoned by hundreds or by thousands of years. It 
is a period, in short, in wliich the whole history of astro- 
nomy and of the human race occupies but as it were 
a point, during which all its changes are to be regarded as 
uniform. Now, it is by this variation in the excentricity of 
the earth’s orbit that the secular acceleration of lie moon is 
caused. The compensation above spoken of (even after the 
lapse of centuries) will now, we see, be only iiuperfcctly 
effected, owing to tins slow shifting of one of the essential 
data. The steps of restoration arc no longer identical with, 
nor equal to, those of change. The struggle up hill is not 
maintained on equal terms with the downward tendency. 
The ground is all the while slowly sliding beneath the feet 
of the antagonists. During the whole time that the earth’s 
excentricity is diminishing, a preponderance is given to the 
re-action over the action ; and it is not till that diminution 
shall cease, that the tables will be turned, and the process of 
ultimate restoration will commence. Meanwhile, a minute, 
outstanding, and uncompensated effect in favour of accele- 
ration is left at each recurrence, or near recurrence, of the 
same configurations of the sun, the moon, and the solar 
perigee. These accumulate, and at length affect the moon’s 
longitude to an extent not to be overlooked. 

o 

(742.) The plijenornenon, of which we have now given an- 
account, is another and very striking example of the pro- 
pagation of a periodic change from one paii; of a system to 
another. The planets, with one exception, have no direct 
appretiable action on the lunar motions as referred to the 
eai’th. Their masses are too small, and their distances too 
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great, for their difference of action on the moon and earth 
ever to become sensible. Yet their effect on the earth’s 
orbit is thus, we see, pi’opagated through the sun to that of 
the moon ; and, what is very remarkable, the transmitted 
effect thus indirectly produced on the angle described by the 
moon round the eartli is more sensible to observation tlian 
that directly produced by them on the angle described by the 
earth round the sun. 

(743.) Referring to the reasoning of art. 738,, we vshall 
perceive that if, owing to any other cause than its elliptic 
motion, the stm’s distance from the earth be subject to a 
periodical increase and decrease, that variation will give rise 
to a lunar inequality of equal period analogous to the aniiiial 
equation. It thus happens that very minute changes im- 
])ressed on the orbit of the earth, by the direct action of the 
planets, (provided their periods, though not properly speaking 
secular, be of considerable length,) may make themselves 
sensible in the lunar motions. The longitude of that satellite, 
as observed from the earth, is, in fact, singularly sensible to 
this kind of reflected action, which illustrates in a sticking 
manner the ])rinciple of forced vibrations laid down in art. 
(650.). The reason of this will be readily apprehended, if 
we consider that liowever trifling the increase of her longitude 
which would arise i]i a single revolution, from a minute and 
almost infiDitesiinal increase of her mean angular velocity, 
that increase is not only repeated in each subsequent revo- 
lution, hut is reinforced during each by a similar fresh ac- 
cession of angular motion generated in its lapse. This pro- 
cess goes on so long as the angular motion continues to 
increase, and only begins to be reversed when lapse of time, 
bringing round a contrary action on the angular motion, 
shall hafe destroyed the excess of velocity previously gained, 
and begun to operate a retardation. In this respect, the 
advance gained by the moon on her undisturbed place may 
be assimilated, during its increase, to the space described 
from rest under the action of a continually accelerating force. 
The velocity gained in each Instant is not only effective in 
carrying the body forward during each subsequent instant, 
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but new velocities are every instant generated, and go on 
adding their cuniulative effects to those before produced. 

(744.) The distance of the eartli from the sun, like that of 
the moon from the earth, may be affected in its average value 
estimated over long periods embracing many revolutions, in 
two modes, conformably to the tlieoij above delivered. 1st, 
it may vary by a variation in the length of the axis major of 
its orbit, arising from the direct action of some tangential 
disturbing force on its velocity, and thereby producing a 
change of mean motion and periodic time in virtne of tlie 
Keplerian law of periods, wliich declares that the periodic 
times are in the sescpiiplicate ratio of the mean distances. 
Or, 2dly, it may vary by reason of that j)eculiar action on the 
average of actual distances during a revolution, wliich arises 
from variations of excentriclty and pcriliclion only, and which 
produces that sort of change in the mean motion wliich we 
have characterized as incident on the epoch. The change of 
mean motion thus arising, has notliing whatever to do with 
any variation of the major axis. It does not dc[)end on tlie 
change of distance by tlui Kcjderian law of periods, but by 
that of areas. 1 lie altered mean motion is not sub-ses(|ii;- 
pllcate to the altered axis of the ellipse, wliich In fact does 
not alter at all, but is suh-dupUcMte to the altered average of 
distances in a revolution ; a distinction which must be carC' 
fully borne in mind b}^ cviny one who will clearly under- 
stand either the Bubject itvseif, or the fon'c of Xcw ton’s ex- 
planation of it In the 6th Corollary of his celebrated 66th 
Proposition. In \^hlchcver mode, howexer, an alteration in 
the mean motion is effected, if we accommodate tlie srevieral 
sense of our language to the specialties of the case, it remains 
true that every change in the mean motion is accoiiyianicd 
with a corresponding change in the mean distance. 

(745.) Now we Lave seen, art. (7*i6.), that Venus produces 
in the earth a perturbation in longitude, of so long a period 
.(240 years), that it cannot well be regarded withoiit violence to 
ordinary language, otherwise tlian as an equation of the mean 
motion. Of course, therefore, it follows that dining tlpit half 
of this long period of time, in which the earth’s motion is 
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retarded, the distance between the sun and earth is on the 
increase, and vice versa. Minute as is the equation in question, 
and consequent alteration of solar distance, and almost in- 
conceivably minute as is the effect produced on the moon’s 
mean angular velocity in a single lunation, yet the great 
number of lunations (1484), during which the effect goes on 
accumulating in one direction, causes the moon at the moment 
when that accumulation has attained its maximum to be very 
sensibly in advance of its undisturbed place (viz. by 23" of 
longitude), and after 1484 more lunations, as much in arrear. 
The calculations by whicli this curious result has been 
established, formidable from their length and intricacy, are 
due to the industry, as the discovery of its origin is to the 
sagacity, of Professor Hansen. 

(746.) The action of Venus, just explained, is indirect, 
being as it were a sort of reflection of its liiflueiicc on the 
earth’s orbit. But a very remarkable instance of its influence, 
in actually perturbing the moon’s motioirs by its direct at- 
traction, has been pointed out, and the inequality due to it 
computed by the same eminent geometer.* As the details 
of his processes have not yet appeared, we can here only 
explain, in general terms, the principle on which the result 
in question depends, and the nature of the peculiar adjustment 
of the mean angular velocities of the earth and Venus which 
render it effective. The disturbing forces of Venus on the 
moon are capable of being represented or expressed (as is 
indeed generally the case witli all tlie forces concerned in 
producing planetary disturbance) by tlie substitution for them 
of a series of other forces, each having a period or cycle within 
which it attains a maximum in one direction, decreases to 
nothing, reverses its action, attains a maximum in the oppo- 
site direction, again decreases to nothing, again reverses its 
action and re-attains Its former magnitude, and so on. These 
cycles differ for each particular constituent or term, as it is 
called, of tl^e total forces considered as so broken up into 
partial ones, and generally speaking, every coml)Ination which 
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can be formed by subtracting a multiple of the mean motion 
of one of the bodies concerned from a multiple of that of the 
other, and, when there are three bodies disturbing one another, 
every sucli triple combination becomes, under tlie teclinical 
name of an argument, the cyclical representative of a force 
acting in the manner and according to the law described.. 
Bach of these periodically acting forces pi’oduces its pertur- 
bative effect, according to the law of the supei'position of 
small motions, as if the others had no existence. And if it 
happen, as in an immense majority of cases it does, that the 
cycle of any particular one of these partial forces has no re- 
lation to the periodic time of the disturbed body, so as to 
bring it to the same, or very nearly the same point of its 
orbit, or to any situation favourable to any particular form 
of disturbance, over and over again when the force is at its 
maximum ; that force will, in a few revolutions, neutralize 
its own effect, and nothing but fluctuations of brief duration 
can result from its action. The contrary will evidently be 
the case, if the cycle of the force coincide so nearly with the 
cycle of the moon’s anomalistic revolution, as to bring round 
the maximum of the force acting in one and the same direction 
(whctlier tangential or normal) either accurately, or very 
nearly indeed to some definite point, as, for example, the 
apogee of her orbit. Whatever the effect produced hy such 
a force on the angular motion of the moon, if it be not 
exactly compensated in one cycle of its action, It will go on 
accumulating, being repeated over and over again under 
circumstances very nearly the same, for many successive 
revolutions, until at length, owing to the want of precise 
accuracy in the adjustment of that cycle to the anomalistic 
period, the maximum of the force (in the same phase of its 
action) is brought to coincide with a point in the orlfit (as 
the perigee), determinative of an opposite effect, and tlius, at 
length, a compensation will be worked out ; in a time, how- 
ever, so much the longer as the difference between the cycle 
of the force and the moon’s anomalistic period is less. 

(747.) Now, in fact, in the case of Venus disturbing the 
moon, there exists a cyclical combination of this kind. Of 
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course the disturbing force of Venus on the moon varies with 
lier distance from tlie earth, and this distaiu^e again depends 
on her configuration Avith resnect to the earth and the sun, 
taking into account the eWpticitg of both their orbits. Among 
the combinations whlcli take their rise from this latter con- 
sideration, and which, as may easily be sin)])Osed, are of great 
complexity, there is a term (an exceedingly mifuite one), 
whose argument or cycle is determined by subtracting 16 
times the mean motion of the earth from 18 times that of 
Venus. The difference is so very^ nearly the mean motion of 
the moon in her anomalistic revolution, that whereas the 
latter revolution is completed in 27*^ 13^' 18'“ 32*3®, the cycle 
of the force is completed in 27*^ 13'^ 7““ 35*6% diffei'ing from 
the other by no more than 10™ 56*7®, or about one 3625th 
jiart of a complete period of tlic moon from apogee to ai)oge(\ 
During half of tliis very long interval (that is to say, during 
about 136J years), the perturbations produced by a force of 
this character, go on increasing and accumulating, and are 
destroyed in another equal interval. Although thci'ofore 
excessively minute in their actual effect on the angular 
motion, this minuteness is compensated by tlie number of 
repeated acts of accumulation, and by tlie length of time 
during which tliey continue to act on the longitude. Ac- 
cor illngly ]\I. n anseii has found the total amount of fluctua- 
tion to and fro, or the value of the equation of tlie moon s 
longitude, so arising to be 27 'd". It is exceedingly in- 
teresting to observe that the two equations considered in 
these latter paragrjqihs, account satisfactorily for the only 
remaining material differences between theory and observa- 
tion in tlic modern history of this liitherto rebellious satellite. 
We hqve not thought it necessary (indeed it would have 
required a treatise on the subject) to go into a special ac- 
count of the almost innumerable other lunar inequalities 
which have been computed and tabulated, and which are 
necessary to be taken into account in every computation of 
her place from the tables. Many of them are of very much 
larger amount than these. We ought not, how (^ver, to pass 
unnoticed, that the parallactic inequality, already explained 
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a 7 't. (712.), m interestmg, as affording a measure of the sun’s 
distance. For this equation originates, as there sliown, in 
tlie fact that the disturbing forces are not precisely alike in 
the tvvo halves of the moon’s orbit nearest to and most re- 
mote from the sun, all their values being greater in the 
former half. As a knowledge of the relative dimensions of 
the solar and lunar orbits enables us to calculate a priori^ 
the amount of this inequality, so a knowledge of that amount 
deduced by the comparison of a great number of observed 
places of the moon with tables in which every inequality but 
this should be included, would enable us conversely to as- 
certain the ratio of the distances in question. Owing to the 
smallness of the Inequality, this is not a very accurate mode 
of obtaining an element of so much importance in astronomy 
as the sun’s distance, but were it larger {i.e, were the moon’s 
orbit considerably larger than it actually is), this would be, 
perhaps, the most exact method of any by which it could 
he concluded. 

(748.) Tlie greatest of all the lunar inequalities, produced 
by perturbation, is that called the evcction. It arises directly 
from the variation of tlie excentricity of licr orbit, and from 
the fluctuation to and fro in the general progress of the line 
of apsides, caused by the different situation of the sun, with 
respect to that line (arts. 685. 691. ). Owing to these causes 
the moon is alternately in advance, and in arrear of her 
elliptic place hy about 1° 20' 30". This equation was known 
to the ancients, having been discovered by Ptolemy, by tlie 
comparison of a long series of observations handed down to 
him from the earliest ages of astronomy. Tlie mode in which 
the elFects of these several sources of inequality become 
grouped together under one principal argument comiyon to 
them all, belongs, for its explanation, rather to works 
specially treating of tlie lunar theory than to a treatise of 
this kind. 

• (749.) Some small perturbations are produced In the 
lunar orbit by the protuberant matter of the earth’s equator, 
'fhe attraction of a sphere is the same as if all its matter 
were condensed into a point in its center; but that is not the 
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ca8e with a spheroid. The attniction of such a mass ig 
neither exactly directed to its center, nor does it exactly 
follow the law of the inverse squares of the distances. Hence 
will arise a series of perturbations, extremely small in amount, 
but still perceptible in the lunar motions ; by which the node 
and the apogee will be affected. A more remarkable conse- 
cjuence of this cause, however, is a small nutation of the 
lunar orl:)it, exactly analogous to that which the moon causes 
in the plane of tlie earth’s equator, by its action on the same 
elliptic protuberance. And, in general, it may be observed, 
that in the systems of planets which have satellites, the 
elliptic figure of the primary has a tendency to bring the 
orbits of the satellites to coincide with its equator, — a 
tendency which, though small in the case of the earth, yet in 
that of Jupiter, whose cllipticity is very considerable, and of 
Saturn especially, where the ellipticity of the body is rein- 
forced by the attraction of tlic rings, becomes predominant 
over every external and internal cause of disturbance, and 
produces and maintains an almost exact (X)incidence of tlie 
planes in question. Such, at least, is the case with the 
nearer satellites. The more distant are comparatively less 
affected by this cause, the difference of attractions between 
a wspherc and spheroid diminishing with great rapidity as the 
distance increases. Thus, while the orbits of all the in- 
terior satellitOvS of Saturn lie almost exactly in the plane of 
the ring and ef(uator of the planet, that of the external 
satellite, \vhos<3 distance from Saturn is between sixty and 
seventy diameters of the planet, is inclined to that plane con- 
siderably. On the other hand, this eoiisideral)Ie distance, 
while it permits the satellite to retain its actual inclination, 
prevei\ts (by parity of rejisoning) the ring and equator of the 
planet from being perceptibly disturbed by its attraction, or 
being subjected to any appretiabic movements analogous to 
our nutation and precession. If such exist, they must be 
much slower than those of the earth ; the mass of this satel- 
lite being, as far as can be judged by its apparent size, a 
much smaller fraction of that of Satuim than the moon is of 
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Ae earth ; while the solar precession, by reason of the iin-* 
mense distance of the sun, must be quite imperceptible, 
(750.) The subject of the tides, though rather belonging to 
terrestrial physics than properly to astronomy, is yet so 
directly connected witli the theory of the lunar perturbations, 
that we cannot omit some explanatory notice of it, especially 
since many persons find a strange difficulty in conceiving the 
manner in which they are produced. That the sun, or moon, 
should by its attraction heap up the waters of the ocean 
under it, seems to them very natural. That it should at the 
same time heap them up on the opposite side seems, on the 
contrary, palpably absurd. The error of tliis class of ob- 
jectors is of the same kind with that noticed in art. 723., and 
consists in disregarding the attraction of the disturbing body 
on the mass of the earth, and looking on it as wholly effective 
on the superficial water. Were the earth indeed absolutely 
fixed, held in its place by an external force, and the water 
left free to move, no doubt the effect of the disturbing power 
would be to produce a single acicumulatlon vertically under 
tlie disturbing body. But it is not by its whole attraction, 
but by the difference of its attractions on the superficial water 
at both sides, and on the central mass, that the waters are 
raised : just as in the theory of the moon, the difference of 
tlie sun’s attractions on the moon and on the earth (regarded 
as moveable and as obeying that amount of attraction wliich 
is due to its situation) gives rise to a relative tendency in the 
moon to recede from the earth in conjunction and opposition, 
and to approach it in quadratures. Keferring to the figure 
of art. 675., instead of supposing ADIiC to represent the 
moon’s orbit, let it be supposed to represent a section of the 
(comparatively) thin film of water reposing on the globe of 
the earth, in a great circle, the plane of which j)asses through 
the disturbing body M, which w^c shall siip[)ose to be the 
moon. The distui'bing force on a particle at P will then 
(exactly as in the lunar theory) be represented in amount and 
direction by N S, on the §ame scale on which SM represents 
the moon’s whole attraction on a particle situated at S. This 
force, applied at P, will urge it in the direction P X parallel 
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to N S ; and therefore, wlien compounded with the direct force 
of gravity which (neglecting as of no account in this theory 

the spheroidal form of the earth ) 
urges P towards S, will be equi- 
valent to a single force de^dat- 
ing from the direction P S to- 
wards X. Suppose P T to be 
die direction of this force, which, 
it is easy to sec, will be directed 
towards a point in DS -pro-- 
duced^ at an extremely small 
distance below S, because of the excessive minuteness of the 
disturbing force compared to gravity.* Tlien if this be done 
lit every point of the quadrant AD, it will be evident that the 
direction P T of tlie resultant force will be alwa} s that of a 
tangent to the small cuspidated curve a d at T, to which tan- 
gent the surface of the ocean at P must everywhere be per- 
pendicular, by reason of that law of hydrostatics which re- 
(juires the direction of gravity to be everyAvhere perpendicular 
to the surface of a fluid in equilibrio. The form of the curve 
1) P A, to which the surface of tlie ocean will tend to conform 
itself, so as to place itself everywhere in equilibrio under two 
acting forces, will be that whicli always has PT for its radius 
of curvature. It will therefore be slightly less curved at 1), 
and more so at A, being in fact no other than an ellipse, 
having S for its center, da for its eiwlvtCi and S A, SD for 
its longer and shorter semi-axes respec-tivcly ; so that the 
Avholo surface (supposing it covered with water) will tend to 
assume, as its form of equilibrium, that of an oblongated 
ellipsoid, having its longer axis directed towards the disturb- 
ing body, and its shorter of course at right angles to that 
direction. 'J'he difference of the longer and shorter semi- 
axes of this ellipsoid due to the moon’s attraction would be 


^ According to Ne\rtoi»'s caleiilation, the inaitiiniim disturbing force of the 
sun on the water does not exceed one '25736400th part of its gravity, 'that of 
the moon will therefore be to this fraction as the cube of the sun's distance t<» 
that of the moon’s directly, and as the mass of the siui to that of the moon iii- 
versely, i. c. as (4CX)y'* y 0 01 1364 I 354986, which, reduced to numbers, gives, 
for the moon’s maximum of power to disturb the waters, about one 12560000th 
Of gravity, or somewhat less than 2.' times the sun's. 
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about 58 inches: that of the ellipsoid, similarly formed in 
virtue of the sun, about 2^ times less, or about 23 inches. 

(751.) Let us suppose the moon only to act, and to have 
no orbitual motion ; then if the earth also had no diurnal 
motion, the ellipsoid of equilibrium ^vould be quietly formed, 
and all would be thenceforward tranquil. There is never 
time, however, for this spheroid to be fully formed. Before 
the waters can take their level, the moon has advanced in 
her orbit, both diurnal and monthly, (for in this theory it 
will answer the purpose of clearness better, if we suppose 
the earth’s diurnal motion transferred to the sun and moon in 
the contrary direction,) the vertex of the spheroid has sliifted 
on the earth’s surface, and the ocean has to seek a new 
bearing. The effect is to produce an immensely broad and 
excessively flat wave (not a circulating cwr/r;//), whicli fol- 
lows, or endeavours to follow, the apparent motions of the 
moon, and must, in fact, by the principle of forced vibrations, 
imitate, by ecpial though not by sj/nchronous perlo<is, all the 
periodical ine(|ualities of that motion. When tlie higher or 
lower parts of this wave strike our coasts, they experience 
what we call liigh and low water. 

(752.) The sun also produces precisely such a wave, wliose 
vertex tends to follow the apparent motion of the sun in the 
heavens, and also to iinitate its periodic inequalities. This 
solar wave co-exists with the lunar — is sometimes superposed 
on it, sometiuies transverse to it, so as to partly neutralize it, 
according to the monthly synodical configuration of the two 
luminaries. This alternate mutual reinforcement and destruc- 
tion of the solar and lunar tides cause what are called the 
spring and neap tides — the former being their sum, the latter 
their difference. Although the real amount of eitlier^tidc is, 
at present, hardly within the reach i of exact calculation, yet 
their proportion at any one place is probably not very remote 
from that of the ellipticities which would belong to their 
respective spheroids, could an equilibrium be attained. Now 
these ellipticities, for the j^olar and lunar spheroids, are respeo 
tively about two and five feet ; so that the average spring 
tide will be to the neap as 7 to 3, or thereabouts. 

M M 
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(753.) Another effect of the combination of the solar and 
lunar tides is what is called the •priming and lagging of the 
tides. If the moon alone existed, and moved in the plane of 
the equator, the tide-day (/. e. the interval between two suc- 
cessive arrivals at the same place of the same vertex of the 
tide-wave) would be the lunar day (art. 143.), formed by the 
combination of the moon’s sidereal period and that of tlie 
earth’s diurnal motion. Similarly, did the sun alone exist, 
and move always on the equator, the tide-day would be the 
mean solar day. The actual tide-day, then, or the interval 
of the occurrence of two successive maxima of their superposed 
waves, will vary as the separate waves approach to or recede 
from coincidence ; because, when the vertices of two waves 
do not coincide, their joint height has its maximum at a poiiU 
intermediate between them. This variation from uniformity 
in the lengths of successive tide-days is particularly to be re- 
marked about the time of the new and full moon. 

(754.) Quite different in its origin is that deviation of the 
time of liigh and low water at any port or harbour, from the 
culmination of the luminaries, or of the theoretical maximum 
of their superposed spheroids, which is called the establish- 
ment ” of that port. If the water were without inertia, and 
free from obstruction, either owing to the friction of the bed 
of the sea, the narrowness of channels along which the \vave 
has to travel before reaching the port, their length, &c. &e., 
the times above distinguished would be identical. But all 
these causes tend to create a difference, and to make that 
difference not alike at all ports. The observation of the 
establishments of harbours is a point of great maritime im- 
portance ; nor is it of less consequence, theoretically speak- 
ingj tota knowledge of the true distribution of the tide-waves 
over the globe. In ma^diig such observations, care must be 
taken not to confound the time of slack water, ” when the 
current caused by the tide ceases to flow visibly one way or 
the other, and that of high or low water^ when tlie level of 
the surface ceases to rise of fall. » These are totally distinct 
phasnomena, and depend on entirely different causes, though 
in land-locked places they may sometimes coincide in point 
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of time* Tliey are, it is feared, too often mistaken one for 
the other by practical men ; a circnmstance which, whenever 
it occurs, must produce the greatest confusion in any attempt 
to reduce the system of the tides to distinctand intelligible laws. 

(755.) The declination of the stun and moon materially 
affects tlie tides at any particular spot. As the vertex of the 
tide-wave tends to place itself vertically under the luminary 
which produces it, when this vertical changes its point of 
incidence on the surface, the tide-wave must tend to shift ac- 
cordingly, and thus, by monthly and annual periods, must 
tend to increase and diminish alternately the principal tides. 
The period of the moon’s nodes is thus introduced into this . 
subject ; her excursions in declination in one part of that | 
])eriod being 29°, and in another only 17°, on cither side the | 
equator. 

(756.) Geometry demonstrates that the efficacy of a lumi- 
nary in raising tides is inversely proportional to the cube of 
its distance. The sun and moon, however, by reason of the 
ellipticity of their orbits, are alternately nearer to and fartlier 
from the earth than their mean distances. In consequence of 
this, the efficacy of the sun will fluctuate between the ex- 
tremes 19 and 21, taking 20 for its mean value, and that of 
the moon between 43 and 59, Taking into account this 
cause of difference, the highest spring tide will be to the 
lowest neap as 59-f-21 to 43 — 19, or as 80 to 24, or 10 
to 3. Of all the causes of differences in the height of tides 
however, local situation is the most influential. In some 
places the tide-wave, rushing up a narro w channel, is suddenly 
raised to an extraordinary height. At Annapolis, for instance, 
in the Bay of Fundy, it is said to rise 120 feet. Even at 
Bristol the difference of high and low water occasionally 
amounts to 50 feet. 

(757.) It is by means of the perturbations of the planets, 
as ascertained by observation and compared with theory, that 
’ ^ve arrive at a knowledge of the masses of those planets which 
having no satellites, offcjf no o^er hold upon them for this 
purpose. Every planet produces an amount of perturbation 
in the motions of every other, proportioned to its mass, and 

M M 2 
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to the degree of advantage or purchase which its situation in 
the system gives it over their movements. The latter is a 
subject of exact calculation ; the former is unknown, otherwise 
than by observation of its eifects. In the determination, 
however, of the masses of the planets by this means, theory 
lends the greatest assistance to observation, by pointing out 
the combinations most fiivourable for eliciting this knowledge 
from the confused mass of superposed inequalities which affect 
every observed place of a planet ; by pointing out the laws of 
each inequality in its periodical rise and decay ; and by show- 
ing how every particular inequality depends for its magnitude 
on the mass producing it. It is thus that the mass of Jupiter 
itself (employed by Laplace in his investigations, and inter- 
woven with all the planetary tables) has been ascertained, by 
observations of the derangements produced by it in the mo- 
tions of tlie ultra-zodiacal planets, to have been insufficiently 
determined, or rather considerably mistaken, by relying too 
much on observations of its satellites, made long ago by Pound 
and others, with inadequate instrumental means. The same 
conclusion has been arrived at, and nearly the same mass ob- 
tained, by means of the perturbations produced by Jupiter 
on Encke’s comet. The error was one of great importance ; 
the mass of Jupiter being by far the most influential element 
in the planetary system, after that of the sim. It is satis- 
factory, then, to have ascertained, as Mr, Airy has done, 
the cause of the error ; to have traced it up to its source, 
in insufficient micrometric measui’ements of the greatest elon- 
gations of the satellites ; and to have found it disappear when 
measures, taken with more care and with infinitely superior 
instruments, are substituted for those before employed. 

(758.*) In the same way that the perturbations of the 
planets lead ue to a knowledge of their masses, as compared 
with that of sun^so the peiturbatlons of the satellites of Ju- 
piter have led, and those of Saturn’s attendants will no doubt 
hereafter lead, to a knowledjje of the proportion their masses 
bear to their respective primaries. VThe system of Jupiter’s 
satellites has been elaborately treated by Laplace ; and it is 
from his theory, compared with innumerable observations of 
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their eclipses, that the masses assigned to them, in art. 540. have 
been fixed. Few results of tlieory are more surprising than to 
see these minute atoms weighed in the siime balance, which we 
have applied to the ponderous mass of the sun, which exceeds 
the least of them in the enormous proportion of 65000000 to L 

(759.) T.4ie.jgaas8^o^^^^ is concluded, 1st, from the 

proportion of the lunar to the solar tule, as observed at various 
stations, the effects being separated from each other by a 
long series of observations of the relative heights of spring 
and neap tides which, we have seen, (art. 752.) depends on 
the proportional influence of the two luminaries. 2dly, 
from the phsenomenon of nutation, which, being the result of 
the moon’s attraction alone, affords a means of calculating 
her mass, independent of any knowledge of the sun\s. Both 
methods agree in assigning to our satellite a mass about one 
seventy-fiftli that of the earth. * 

(760.) Not only, however, has a knowledge of the pertur- 
bations produced on other bodies of our system enabled us to 
estimate the mass of a disturbing body already known tc 
exist, and to produce disturbance. It has done much more^ 
and enabled geoiiKders to satisfy themselves of the existence, 
and even to indicate the situation of a planet previously un- 
known, with such precision, as to lead to its immediate dis- 
covery on the very first occasion of pointing a telescope to the 
place indicated. We have already (art. 506.) had occasion 
to mention in general terms this great discovery ; but its im- 
portance, and its connexion with the subject before us, calls 
for a more specific notice of the circumstances attending it. 
When the regular observation of Uranus, consequent on its 
discovery in 1781, had afforded some certain knowledge of 
the elements of its orbit, it became possible to palciilate 
backwards into time past, with a view to ascertain whether 
certain stars of about the same apparent magnitude, observed 
by Flamsteed, and since reported as wzmvV.y, might not 
possibly be this planet. No less than six ancient observ- 
ations of it as a supposed star Avere thus found to have 

• Laplace, Expos, du Syst. du Monde, pp 285. 300. Later researches have 
that this is somewhat too large, about being the value at prestMU 
received. 
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been recorded by that astronomer, — ► one in 1690, one in 1712, 
and four in 1715. On further inquiry, it was also ascertained 
to have been observed by Bradley in 1753, by Mayer in 1756, 
and no less than twelve times by Le Monnier, in 1750, 1764, 
1768, 1769, and 1771, all the time without the least suspicion 
of its planetary nature. The observations, however, so made, 
being all circumstantially registered, and made with instru- 
ments the best that their respective dates admitted, were 
quite available for correcting the elements of the orbit, wliicli, 
as will be ea>sily understood, is done with so much the 
greater precision the larger the arc of the ellipse em- 
braced by the extreme obseryations employed. It was, 
therefore, reasonably Hoped and expected, that, by making 
use of the data thus afforded, and duly allowing for the per- 
turbations produced since 1690, by Saturn, Jupiter, and the 
inferior planets, elliptic elements would be obtained, which, 
taken in conjunction with those perturbations, would re- 
present not c^nly all the observations up to the time of 
executing the calculations, but also all future observations, in 
as satisfactory a manner as those of any of the other planets 
are actually represented. This expectation, however, proved 
delusive. M. Bouvard, one of the most expert and laborious 
calculators , of whom asti'onomy has had to boast, and to 
whose zeal and indefatigable industry we owe the tables of 
Jupiter and Saturn in actual use, having undertaken the 
task of constructing similar tables for Uranus, found it im- 
possible io reconcile the ancient observations above mentioned 
with those made from 1781 to 1820, so as to represent both 
series by means of the same ellipse and the same system of 
perturbations. He therefore rejected altogether the ancient 
series, ai^d grounded his computations solely on the modern, 
although evidently not without serious misgivings as to the 
grounds of such a proceeding, and leaving it to future time 
to detei'mine whether the difficulty of reconciling the two 
series arose from inaccumey in the older observations, or 
whether it depend on some extraneous and unperceived in- 
fluence which may have acted on the planet.” 

(761.) But neither did the tables so calculated continue 
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to represent, with due precision, observations subsequently 
made. The error of the tables” after attaining a certain 
amount, by which the true longitude of Uranus was in 
advance of the computed, and which advance was steadily 
maintained from about the year 1795 to 1822, began, about 
the latter epoch, rapidly to diminish, till, in 1830-31, the 
tabular and observed longitudes agreed. But, far from re- 
maining in accordance, the planet, still losing ground, fell, 
and continued to fall behind its calculated place, and that 
with such rapidity as to make it evident that the existing 
tables could no longer be received representing, with any 
tolerable precision, the true laws of ils motion. 

(762.) The reader will easily undefstand the nature and 
progression of these discordancies by casting his eye on fig. L 
Blate A, in which the horizontal line or alfscissa is divided 
into equal parts, each representing 50"" of heliocentric longi- 
tude in the motion of Ui^anus round the sun, and in which the 
distances between the horizontal lines represent each 1 OO'"' 
of error in longitude. The result of each year’s observation 
of Uranus (or of the mean of all the observations obtained 
during that year) in longitude, is represented by a black dot 
placed above or below the point of the abscissa^ corresponding 
to the mean of the observed longitudes for the above, if 
the observed longitude be in excess of the calculated, below 
if it fail short of it, and on the lino if they agree ; and at a 
distance from the line corresponding to their difference on 
the scale above mentioned.* Thus in Flamsteed’s earliest 
observations in 1690, the dot so marked is placed above tlie 
line at 65''‘9 above the line, the observed longitude being so 
much greater than the calculated. 

(763.) If, neglecting the individual points, •we draiv a 
curve (indicated in the figure by a fine unbroken line) 
through their general course, we shall at once perceive a 

* The points are laid down from M. Levc rier’.s comparison of the whole scries 
of observations of Uranus, with an ephemeris of h»s own calculation, founded oh 
a complete and searching revision of the tables of Uoiivard, and a rigorous com- 
putation of the perturbations ca'iiscd by all the known planets capable of exer- 
cising any influence on it. The differences of longitude arc ^eocentricy but (6t 
o\ir present purpose it matters not in the least wlietlier we consider the errors 
in heliocentric or in geocentric longitude. 
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certain regularity in its undulations. It presents two great 
elevations above, and one nearly as great intermediate dejjres- 
sioii below the medial line or abscissa. And it is evident 
that these undulations would be very much reduced, and the 
errors in consequence greatly palliated, if each dot were 
removed in the vertical direction through a distance and in the 
direction indicated by the corresponding point of the curve 
A, B, C, D, E, F, G, H, intersecting the abscissa at points 180° 
distant, and making equal excursions on either side. Thus 
the point a for 1750 being removed upwards or in the direc-- 
tion towards h through a distance equal to ch would be 
i)iuiight almost to precise coincidence with the point d in 
tlie abscissa. Now, this is a clear indication that a very large 
part of the differeiices in question is due, not to perturbation, 
bnt simply to error in the elements of Uranus which hiive 
been assumed as the basis of calculation. For such excesses 
and defects of longitude alternating over arcs of 180° arc 
precisely wliat \vould arise from error in the exccri tricity, or 
in the place of the 2 >erihelion, or in both. In ellipses slightly 
excentric, the true longitude alternately exceeds and falls 
short of the mean during 180° for each deviation, and the 
greater the excentriclty, the greater these alternate fluctua- 
tions to and fro. If then the exceiitricity of a planet’s orbit be 
assumed erroneously (sui'> 2 )ose too great) the observed longi- 
tudes will exhibit a less amount of such fluctuation above 
and below the mean than the computed, and the difference of 
the two. Instead of being, as it ought to be, always w//, will 
be alternately and — over arcs of 180°. If then a difference 
be observed following such a law, it may arrive from errone- 
oiisly assumed excentrlcity, provided always the longitudes 
at which they agree (supposed to differ by 180°) be coincident 
with those of the perihelion and aphelion ; for in elliptic 
motion nearly circular, these are the points where the mean 
and true longitudes agree, so that any fluctuation of the 
nature observed, if this condition be not satisfied, cannot 
arise from error of exceiitricity. Now the longitude of the 
perihelion of Uranus in the elements employed by Bouvard is 
(neglecting fractions of a degree) 168°, and of the apheliou 
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348® These points then, in onr figure, fall at isr, and u, re- 
Bpectively, that is to say, nearly half way between AC, CE, 
EG, &c. It is evident therefore that it is not to error of 
excentricity that the fluctuation in question is mainly due* 
(764.) Let us now consider the effect of an erroneous 
assumption of the ylace of the perihelion. Sup|)ose in fig. 2, 
Plate A, t^jT to represent the longitude of a planet, and xy 
the excess of its true above its mean longitude, due to ellip- 
tic ity. Then if R be the place of the perihelion, and P, or 
T, the aphelion in longitude, y will always He in a certain 
undalating curve PQ RST, above * PT, between R and T, 
and below it between P and R. Now suppose the place of 
the perihelion shifted forward to r, or the whole curve shifted 
bodily forward into the situation pqrst^ Wxo^n at tlie same 
longitude ox, the excess of the true above the mean longitude 
>Yill be xy* only ; in other words, this excess will have dimi- 
nished by the quantity yy* below its former amount. Take 
therefore in o N {Jig, 3. PL A) oy=iox and yy* always 
in^/7^. 2., and having thus constructed the curve KLMjS' O, 
the ordinate yy* will always represent the effect of the sup- 
})oscd change of perihelion. It is evident (the excentricity 
being always supposed small), that this curve will consist 
also of alternate superior and inferior waves of 180® each in 
amplitude, and the points L, N of its intersection with 
the axis will occur at longitudes corresponding to X, Y 
intermediate between the maxima Q,y; and S,/? of the 
original curves, that is to say (if these intervals Qy, S.s’, or 
Rr to which both are equal, be very small) very nearly at 
90° from the perihelion and aphelion. Now this agrees with 
the conditions of the ciise in hand, and we are therefore 
authorised to conclude that the major portion of the errors in 
question has arisen from error in the place of tlie perihelion 
of Uranus itiself, and not from perturbation, and that to correct 
this portion, the perihelion must be shifted somewhat forward. 
As to the amount of this shifting, our only object being ex- 
planation, it will not b« necessary here to enquire into it. 
It will suffice that it must be such t)s shall make the curve 

* The curves, 2, a, arc inverted in the engraving. 
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ABCDEFGas nearly as possible similar, equal, and opposite 
to the curve traced out by the dots on the other side. And 
this being done, we may next proceed to lay down a curve of 
the residual differences between observation and theory in 
the mode indicated in art. (763.) 

(765.) This being done, by laying off each point of the 
line of longitudes an ordinate equal to the difference of the 
ordinates of the two curves in fig. 1. when on opposite, and 
their sum when on the same side of the abscissa, the result 
will be as indicated by the dots in fig. 4. And here it is at 
once seen that a still farther reduction of the differences 
under consideration would result, if^ instead of taking the 
line A B for the line of longitudes, a line a h slightly inclined 
to it were substituted, in which case the whole of the dif- 
ferences between observation and tlieory from 1712 to 1800 
would be annihilated, or at least so fixr reduced as hardly to 
exceed the ordinary errors of observation ; and as respects 
the observation of 1690, the still outstanding difference of 
about 35" would not be more than might be attributed to a 
not very careful observation at so early an epoch. Now the 
assumption of such a new line of longitudes as the coiTeci 
one is in effect equivalent to the admission of a slight amount 
of error in the periodic time and epoch of Uranus; for it is 
evident that by reckoning from the inclined instead of the 
horizontal line, we in effect alter all the apparent outstanding 
errors l)y an amount proportiofi&l to the time before or after 
the date at which the two lines intersect (viz. about 1789). 
As to the direction in which this correction should be made, 
it is obvious by inspection of the course of the dots, that if 
we reckon from A B, or any line parallel to it, the observed 
planet op the long run keeps falling more and more behind 
tlie calculated one ; /. c, its assigned mean angular velocity 
by the tables is too great and must be diminished, or its 
periodic time requires to be increased. 

(766.) Let this inereasc of period be made, and in corres- 
pondence with that change let the longitudes be reckoned on 
a bj and the residual differences from that line instead oi 
X B, and we shall have then done all that can be dune in 
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the way of reducing and palliating these differences, and 
that, with such success, that up to the year 1804 it might 
have been safely asserted that positively no ground whatever 
existed for suspecting any disturbing influence. But with 
this epoch an action appears to have commeriGcd, and gone 
on increasing, producing an acceleration of the motion in 
longitude, in consequence of which, Uranus continually gains 
on its elliptic place, and continued to do so till 1822, when it 
ceased to gain, and the excess of longitude wiis at its maxi- 
mum, after which it began rapidly to lose ground, and has 
continued to do so up to the present time. It is perfectly 
clear, then, that in this interval some extraneous cause must 
have come into action which was not so before, or not in 
saflScient power to manifest itself by any marked effect, and 
that that cause must have ceased to act, or rather begun to 
reverse its action, in or about the year 1822, tlie reverse 
action being even more energetic than the direct. 

(767.) Such is the plitenomenon in the simplest form we 
are now able to present it. Of the varioqs hypotheses formed 
to account for it, during the progress of its devek)]»ement, 
none seemed to have any degree of rational probability 
but that of the existence of an exterior, and hitherto 
undiscovered, planet, disturbing, according to the received 
laws of planetary disturbance, the motion of Uranus by its 
attraction, or rather superposing its disturbance on those 
produced by Jupiter and Saturn, the only two of the old 
planets which exercise any selisible disturbing action on that 
planet. Accordingly, this was the explanation which na- 
turally, and almost of necessity, suggested itself to those 
conversant with the planetary perturbations who considered 
the subject with any degree of attention. The idea, however, 
of settinir out from the observed anomalous deviations, and 
employing tliem as data to ascertain the distance and situation 
of the unknown body, or, in other words, to resolve the In- 
verse problem of perturbations, given the disturbances to Jind 
the orbity and that orbit of the disturbing planet^ 

appears to ha\ e ccurred only to two mathematicians, 
i\lr. Adatns in England tmd M. Leverrier in France, with 
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i^ufficient distinctness and hopefulness of success to induce 
tliein to attempt its solution. Both succeeded, and their 
solutions, arrived at with perfect independence, and by each 
in entire ignorance of the other’s attempt, were found to 
agree in a surprising manner when the nature and diffi- 
culty of the problem is considered ; the calculations of M. 
Leverrier assigning for the heliocentric longitude of the 
disturbing planet for the 23d Sept. 184G, 326® O', and those 
of Mr. Adams (brought to the same date) 329® 19', dilFering 
only 3® 19' ; the plane of its orbit* deviating very slightly, if 
a t all, from that of the ecliptic. 

(768.) On the day above mentioned — a day for ever 
memorable in the annals of astronomy — Dr. Galle, one of the 
astronomers of the Koval Observatory at Berlin, received a 
letter from M. Leverrier, announcing to him the result he had 
arrived at, and requesting him to look for the disturbing 
])Ianet in or near the place assigned by his calculation. He did 
so, and on that vary night actually found it A star of the 
eighth magnitude was seen by him and by M. Encke in a 
situation where no star was marked as existing in Dr. Bre- 
linker’s chart, then recently published by the Berlin Academy, 
'riie next night it was found to have moved from its place, 
and was therefore assuredly a planet. Subsequent observa- 
tions and calculations have fully demonstrated this planet, 
to which the name of Neptune has been assigned, to be really 
that body to whose disturbing attraction, according to the 
Newtonian law of gravity, the observed anomalies in tlie 
motion of Uranus were owing. The geocentric longitude 
determined by Dr. Galle from this observation was 325® 53', 
which, converted into heliocentric, gives 326® 52', differing 
0® 52' from M. Levemer’s place, 2® 27' from that of Mr. 
Adams, and only 47' from a mean of the two calculations. 

(769.) It would be quite beyond the scope of this work, and 
far in advance of the amount of mathematical knowledge we have 
assumed our readers to possess, to attempt giving more than 
a superficial idea of the course fol levied by these geometers in 
their arduous investigations. Suffice it to say, that it consisted 
in regarding, as unknown quantities, to be detemiined, the 
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mass, and all the elements of the unknown planet (supposed to 
revolve in the same plane and the same direction with Uranus), 
except its major semiaxis. This was assumed in the first, 
instance (in confonnity with “Bode’s law,” art. (505.), and 
certainly at the time Avith a high primd facie probability,) to be 
double that of Uranus, or 38-364 radii of tlie Earth’s orbit. 
Without some assumption as to the value of this element, owing 
to the peculiar form of the analytical expression of the per- 
turbations, the analytical inAOstigation would have presented 
difficulties apparently insuperable. But besides these, it Avas 
also necessary to regard as unknown, or at least as liable to 
corrections of unknoAvn magnitude of the same order as the 
perturbations, all the elements of Uranus itself, a circumstance 
whose necessity Avill easily be understood, when we consider 
that the received elements could only be regarded as pro- 
visiomd, and must certainly be erroneous, the places from 
which they Avere obtained being affected by at least some 
portions of the very perturbations in question. This con- 
sideration, though indispensable, added Anstly both to the 
complication and the labour of the inquiry. The axis (and 
therefore the mean motion) of the one orbit, then, being 
knoAvn very nearly, ai^d that of the other tiius hypothetically 
assumed, it became practicable to express in terms, partly 
algelu’aic, partly numerical, the amount of perturl>ation at 
any instant, by the aid of general expressions delivered by 
Laplace in his Mccanique Cflestei''' and elseAvhere. These, 
then, together with the corrections due to the altered elements 
of Uranus itself, being applied to the tabidar longitudes, fur- 
nished, when compared with those observed, aseriesof equations^ 
in Avliich the elements and mass of Neptune, and the corrections 
of those of Uranus entered as the unknown quantities^ and by 
whose resolution (no slight effort of analytical skill) all their 
A alues Avere at length obtained. The calculations Avere then 
repeated, reducing at the same time the Anlue of the assumed 
distance of the new planet, the discordances between the 
given and calculated results indicating it to have been 
assumed too large when the results Avere found to agree 
better, and tlie solutions to be, in fact, more satisfactory. 
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Thus, at length, elements were arrived at for the orbit of 
the unknown planet, as below. 



Leverrler. 

Adams. 

Epoch of Elements 



Jan. 1. 1847. 

Oct 6. 1846. 

Mean longitude in Epoch 

- 

- 

318® 47' 4 

323® 2' 

Semiaxis Major - 

• 

• 

36*1539 

37 *2474 

Kxcentricitv 

• 


0*107610 

0*12061.5 

I^ongltude of Perihelion - 


• 

284® 45' 8 

299® n' 

Mass (the Sun being 1) - 

- 

- 

0 -OCX) 10727 

0 *000 1 5003 


The elements of M. Ijeverrier were obtained from a consider- 
ation of the observations up to the year 1845, those of Mi\ 
Adams, only as far as 1840. On subsequently taking into 
account, however, those of the five years up to 1845, the 
latter was led to conclude that the semiaxis ought to be still 
much further diminished, and that a mean distance of 33*33 
(being to that of Ui'anus as 1 : 0*574) would probably satisfy 
all the observations very nearly.* 

(770.) On the actual discovery of the planet, it was, of 
course, assiduously observed, and it was soon ascertained that a 
mean distance, even less than Mr. Adams’slast presumed value, 
agreed better with its motion ; and no sooner were elements 
obtained from direct observation, sufficiently approximate to 
trace back its path in the heavens for a considerable interval 
of time, than it was ascertained to have been observed as a star 
by Lalande on the 8th and 10th of May, 1795, the latter of 
the two observations, however, having been rejected by him 
as faulty, by reason of its non-agreement with the former (a 
consequence of the motion of the planet in the interval). From 
these observations, combined with those since accumulated, the 
elements calculated by Prof. Walker, U. S., result as follows : — 

Epoch of Elements - Jan. K 1847, M. noon, Greenwich. 

Mean longitude at Epoch 328^ 32' 44" 2 

Semiaxis major - - 30*0367 

Excentricity . - 0*00871946 

Longitude of the Perihelion 47® 12' 6" *50 

Ascending Node - 130®4'20"*8] 

Inclination - - 1® 46' 58"*97 

Periodic time - - 164*61 81 tropical year. 

Mean annual Motion - i® -1 868.3 

♦ In a letter to the Astronomer Royal, dated Sept 2. 1846,;^ !.«. three 

weeks previous to the optical discovery of the planet. 
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(771.) The great disagrecnient between these elements 
and those assigned either by M. Leverrier or Mr. Adams will 
not fail to be remarked ; and it will naturally be asked how 
it has come to pass, that elements so widely difrerent from the 
truth should afford anything like a satisfactory representation of 
the perturbation in question, and that the true situation of the 
|)lanet in the heavens should have been so well, and indeed 
accurately, jx)inted out by them. As to the latter point, any 
one may satisfy himself by half an hour’s cidculation. that 
both sets of elements do really place the planet, on tlie day 
of its discovery, not only in the longitudes assigned in art. 
7(53., /. e. extremely near its apparent i)lace, but also at a 
distance from the Sun very much more a[)proximately cor- 
rect than the mean distances or semiaxes of the respective 
orbits. Thus the radius vector of Neptune, calculated from 
M. Leverrier’s elements for the day in question, instead of 
3(5*1539 (the mean distance) comes out almost exactly 33 ; 
and indeed, if we consider that the excentricity assigned by 
those elements gives for the perihelion distance 32*2(534, the 
longitude assigned to the perihelion brings the whole arc of 
the orbit (more than 8 3""), described in the interval from 1806 
to 1847 to lie within 42"^ one way or the other of the pei'ihe- 
lion, and therefore, during the whole of that interval, the 
hypothetical planet would be moving within limits of distance 
from the sun, 32*6 and 33*0. The following comparative 
tables of the relative situations of Uranus, the real and hy- 
pothetical planet, will exhibit more clearly than any lengthened 
statement, the near imitation of the motion of the former 
by the latter witliin that interval. The longitudes arc helio- 
centric.* 

• The calfnilotions are carried only to tenths of degrees*^ as quite gu^Hcient for 
tlio object in view, * 
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A.D. 

Uranw* 

Neptuna 

Leverrier. 

i 

Adams. 1 

Long. 

Long. 

Rad. Voc. 

Long. 

Rad. Vec. 

Long. 

Rad.V«j. 

1805*0 

1 97® *8 

235® *9 

.30*3 

24l®’2 

33*1 

246® *5 

34*2 

1810*0 

220*9 

247*0 

30*3 

251 1 

32*8 

255*9 

33*7 

1815*0 

243-2 

258*0 

30*3 

261 -2 

32-5 

26'5-5 

33*3 

1 820-0 

264*7 

268-8 

30*2 

271*4 

32*4 

27.') *4 

33*1 

18*21 0 

269*0 

271*0 

30*2 

273*5 

32-3 

277*4 

33*0 

1822-0 

273*3 

273-2 

30*2 

275*6 

32*3 

279-5 

33*0 

1823*0 

277*6 

275*3 

30*2 

277*6 

32-3 

281 -5 

32*9 

1824*0 

28 1 *8 

277*4 

30*2 

279*7 

32*3 

283*6 

32*9 

1825 0 

285*8 

279*6 

30*2 

281-8 

323 

285*6 

32*8 

1830 0 

.306*1 

290*5 

SO 1 

292*1 

32 3 

296*0 

32*8 

18.35*0 

; 326*0 

301*4 

30*1 

302 5 

32-4 

306*3 

32*8 

1840*0 

345-7 

312*2 

SO I 

312*6 

32-6 

316*3 

32-9 

1845 0 

36.3 3 

323*1 

30*0 

.322*6 

.32*9 

326*0 

33*1 

1847*0 

373 3 

327*6 

30*0 

3">6-5 

33 1 

329 *3 

33-2 


(772.) From this comparison it will be seen that Unimis 
arrived at its conjunction with Neptune at or immediately 
before the coramenceinent of 1822, with the calculated planet 
of Leverrier at the beginning of the following year 18235 and 
with that of Adams about the end of 1824. Both the theo- 
retical planets, and especially that of M. Leverrier, therefore, 
during the whole of the above interval of time, so far as the 
directions of their attractive forces on Uranus are concerned, 
would act nearly on it as the true planet must have done. 
As regards the intensity of the relative disturbing forces, if 
we estimate these by the principles of art. (612.) at the epochs 
of conjunction, and for the commencement of 1805 and 1845, 
we find for the respective denominators of the fractions of the 
sun’s attraction on Uranus regarded as unity, which express 
the total disturbing force, N S, in each case, as below : 

JS05. Conjunction. 1845. 

‘27^40 7508 S'ifSilO 

20244 5519 2^810 

20837 5193 19985 

The nmsses here assigned to Neptunh are those respectively- 
deduced by Prof. Peirce and M. Struve from observations of 


Neptune with 


Peirce’s mass 


Struve’s nias.s 


;9840 



14496 


Leverrier’s theoretical Planet, mass 

9322 
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the satellite discovered by Mr. Lassell made with the lai^e 
telescopes of Fraunhofer ia the observatories of Cambridge, 
IJ. S. and Pulkova respectively. These it will be perceived 
dirter very considerably, as might reasonably be expected in 
the results of micrometrical measurements of such difficulty, 
and it is not possible at present to say to which the preference 
ought to be given. As compared with the mass assigned by 

M. Struve, an agreement on the whole more satisfactory could 
not have been looked for within the interval immediately 
in question. 

(773.) Subject then to this uncertainty as to the real mass 
of Neptune, the theoretical planet of Leverrier must be con- 
sidered as representing with quite as much fidelity as could 
possibly be expected in a research of such exceeding delicacy, 
the particulars of its motion and perturbative action during 
the forty years elapsed from 1 805 to 1 845, an interval which 
(as is obvious from the rapid diminution of the forces on 
either side of the conjimction indicated by the numbers here 
set down) comprises all the most influential range of its 
a<’tIon. This will, however, be placed in full evidence by 
the construction of curves representing the normal and tan- 
gential forces on the principles laid down (as far as the 
normal constituent is concerned) in art. (717.), one slight 
change only being made, which, for the purpose in view, con- 
duces greatly to clearness of conception. The force L s (in 
the figure of that article) being supposed applied at P in the 
direction u S, we here construct the curve of the normal 
force by erecting at P {fig. 5. Plate A) P W always perpen- 
dicular to the disturbed orbit^ A P, at P, measured from P 
in the same direction that S lies from L, and equal in length 
to L S. P W then will always represent both the direction 
and magnitude of the normal force acting at P. And #n like 
manner, if we take always P Z on the tangent to the dis- 
turbed orbit at P, equal to N L of the former figure, and 
measured in the same direction from P that L is from 

N, P Z will represent both in magnitude and direction 
the tangential force acting at P. 'Jlius will be traced 
out the t>yo curious ovals represented in our figure of 

N N 
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tlieir proper forms and proportions for the case in question. 
That expressing the normal force is iormod of four lobes, 
having a common point in S, viz,, S W 7/i X S a S S i S W, 
and that expressing the tangential, A Z c jTB e rf Y A Z, 
consisting of four mutually intersecting loops, surrounding 
and touching the disturbed orbit in four points, A B c cL 
The normal force acts outwards over all that part of the 
orbit, both in conjunction and opposition, corresponding to 
the portions of the lobes m, 7^, exterior to the disturbed orbit, 
and inwards in every other part. The figure sets in a clear 
light the great disproportion between the energy of this force 
near tlie conjunction, and in any otlier configuration of tlie 
planets ; its exceedingly rapid degradntion as P apjiroaches 
the point of neutrality (whose situation is 35^ 5' on either side 
of the conjunction, an arc dcscrilied synodically by Uranus in 
16^*72); and the comparatively sliort duration and consequent 
ineflicacy to produce any great amount of perturbation, of the 
more intense part of its inward action in the small portions of 
the orbit corresponding to the lobes cr, b, in which the line 
representing the inward force exceeds the radius of the 
circle. It exhibits, too, with no less distinctness, the gradual 
developement, and rapid degradation and extinction of the 
tangential force from its neutral points, c, rf, on either side 
up to the conjunction, where its action is reversed, being 
accelerative over the arc d A, and retardative over A c, each 
of which arcs has an amplitude of 7 P 20', and is described 
by Uranus synodically in 34^*00. The iusigriificance of the 
tangential force in the configurations remote from conjunction 
throughout the arc c B <7 is also obviously expressed by the 
small comparative developement of the loops 

(774.) Let us now consider how the action of these forces 
results in the production of that peculiar character of per- 
turbation which is exhibited in our curve, Jig. 4. Plate 
A. It is at once evident that the increase of the longitude 
from 1800 to 1822, the cessation of that increase in 1822, 
and its conversion into a decrease during the subsequent 
interval is in complete accordance with the growth, rapid 
decay, extinction at conjunction, and subsequent reproduction 
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in a reversed sense of the tangential force : so that we cjinnot 
liesitate in attributing the greater part of the perturbation 
expressed by tlie swell and subsidence of the curve between 
the years 1800 and 1845, — all that j)art, indeed, which 
is syinmetrical on either side of 1822 — to the action of the 
tangential force. 

(775.) But it will be asked, — has then the normal force 
(which, on the plain showing of Jig. 5., Is nearly tu ice as 
powerful as the tangential, and which does not reverse its 
action, like the latter force, at the point of conjunction, but, 
on the contraiy, is there most energetic,) no influence in 
producing the observed elfects? We answer, very little, 
within the period to wlilch observation had extended up to 
1845. The effect of the tangential force on the longitude is 
direct and iininediate (art. 6fl().), that of the norni-al indirect, 
(M>risequential, and cuinulativc wltli the progress of time 
(art. 734.). The effect of the tangential force on the mean 
motion takes place through tlie medium of the change it pro- 
duces on the axis, and is transient : the reversed action after 
conjunction (‘supposing the orbits circular), exactly destroying 
all the previous effect, and leaving the mean motion on the 
whole unaffected. In tlie paKSsage through the conjunction, 
then, the tangential force produces a sudden and powerful 
acceleration, succeeded by an equally powerful and equally 
sudden retardation, which done, its action is completed, and 
no trace remains in the subsequent motion of the planet that 
it ever existed, for its action on the perihelion and excentricity 
is in like manner also nullified by its reversal of direction. 
But with the normal force the case is far otherwise. Its 
immediate effect on the angular motion is nil. It is not till 
it has acted long enough to produce a j)erceptible change in 
the distance of the disturbed planet from the sun thal; the 
angular velocity begins to be sensibly affected, and it is not 
till its whole outward action has been exerted (i.e. over the 
whole interval from neutral point to neutral point) that its 
maximum effect in lifting, the disturbed planet aw'ay from 
the sun has been produced, and the full amount of diminution 
in angular velocity it is capable of causing has been developed. 

K K 2 
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This contiimes to act in producing a retardation in longitude 
long after the normal force itself has reversed its action, and 
from a powerful outward force has become a feeble inward 
one. A certain portion of this perturbation is incident on 
the epoch in the mode described in art. (73 L) et seq., and 
permanently disturbs the mean motion from what it would 
have been, had Neptune no existence. The rest of its effect 
is compensated in a single synodic revolution, not by the 
reversal of the action of the force (for that reversed action is 
far too feeble for this purpose), but by the effect of the per- 
manent alteration produced in the excentricity, which (the axis 
being unchanged) compensates by increased proximity in one 
part of the revolution, for increased distance in the other. 
Sufficient time has not yet elapsed since the conjunction to 
bring out into full evidence the influence of this force. Still 
its commencement is quite unequivocally marked in the more 
rapid descent of our curve Jig, 4,, subsequent to the con- 
junction than ascent previous to that epoch, which indicates 
the commencement of a series of undulations in its future 
course of an elliptic character, consequent on the altered ex- 
centricity and perihelion (the total and ultimate effect of this 
constituent of the disturbing force) which will be maintained 
till witliin about 20 years from the next conjunction, with 
the exception, perhaps, of some trifling inequalities about the 
time of the opposition, similar in character, but far inferior 
in magnitude to those now under discussion. 

(776.) Posterity will hardly credit that; with a full know- 
ledge of all the circumstances attending this great discovery 
— of the calculations of Leverrier and Adams — of the com- 
munication of its predicted place to Dr. Galle — and of the 
new planet being actually found by him in that place, in tlie 
remarkable manner above commemorated; not only have 
doubts been expressed as to the validity of the calculations 
of those geometers, and the legitimacy of their conclusions, 
l>ut these doubts have been carried so far as to lead the 
objectors to attribute the acknowledged fact of a planet pre- 
viously unknown occupying that precise place in the heavens 
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at that precise time, to sheer accident 1 * What share accident 
may have had in the successful iss^ue of the calculations, we 
presume the reader, after what has been said, will have little 
difficulty in satisfying himself. As regards the time wlien 
the discovery was made, much has also been attributed to 
fortunate coincidence. The following considerations will, vre 
apprehend, completely dissipate this idea, if still lingering in 
the mind of any one at all conversant with the subject. The 
period of Uranus being 84’0140 years, and that of Neptune 
164-6181, their synodic revolution (art. 418.), or the interval 
between two successive conjunctions, is 171*58 years. The 
late conjunction having taken place about the beginning ol 
1822; that next preceding must have happened in 1649, or 
more than 40 years before the first recorded observation of 
Uranus in 1690, to say nothing of its discovery as a planet. 
In 1690, then, it must have been effectually out of reach of any 
perturbative influence worth considering, and so it remained 
during the whole interval from thence to 1800. From that 
time the effect of perturbation began to become sensible, about 
1805 prominent, and in 1820 had nearly reached its maximum. 
At this epoch an alarm was sounded. The maximum was 
not attained, — the event, so important to astronomy, was still 

* These doubts seem to have oilghiated partly in the great disagreement 
between the predicted and real elements of Neptune, partly in the near (possibly 
precise) comraensurahility of the mean motions of Neptune and Uraiuis. We 
conceive them however to be founded in a total misconception of the nature of 
the problem, which was not, from such obviously uncertain indications as the 
observed discordanceJi,, could give, to determine as astronomical (]uarititjes the 
axis, excentricity and mass of the disturbing jrlanct ; but y^ractically to discover 
where to look for it ; when, if once found, these elements would be far better 
ascertained. To do this, any axis, excentricity, perihelion, and rnass^ however wide 
of the truth, which would represent, even roughly the amount, but with tokrabie 
correctness the direction of the disturbing force during the very moderate inter- 
val when the departures from theory were really considerable, would equally 
serve their pjirposes ; and with an excentricity, mass, and perihelion disposable, 
it is obvious that any assumption of the axis between tlie limits 30 aifd 38, nay, 
even with a much wider inferior limit, xvould serve the ])ur})ose. In his attempt 
to assign an inferior limit to the axis, and in ihe value so assigned, AI. l.everrier, 
it inuvSt he admitted, was not successful. Air. Adams, on tlie other hand, in*’ 
fiuenced by no considerations of the kind which appear to have weighed with 
his brother geometer, fixed ultimately (as we have seen) before the actual dis- 
covery of the planet, on an axis not very egregioiisly wrong. Still it were to he 
wished, for the satisfaction of alf partie,s, that some one would mulertake the 
problem de nm>o, employing fornruilsB not liable to the passage through infin ty. 
whieli. technically speaking, hampers, or may be supposed to hamper, the con- 
fimti iis r.yipln afion of the usual perturbatioiial formula; when cases of commen 
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in progress of tlevelopeinont, — when the fact (any thing rather 
than a striking one) was noticed, and made matter of com- 
plaint. But the time for discussing its cause with any 
prospect of success was not yet come. Every thing turns 
upon the precise determination of the epoch of the maximum, 
when the perturbing and j)eriurbcd planet were in conjunc- 
tion, and upon the law of increase and diminution of the j)ertur- 
bation itself on cither side of that point. Now it is always 
difficult to assign the time of the occurrence of a maximum 
by observations liable to errors bearing a ratio far from 
inconsiderable to the whole quantity observed. Until the 
lapse of some years from 1822 it would have been impossible 
to have fixed that epoch with any certainty, and as respects 
the law of degradation and total arc of longitude over which 
the sensible perturbations extend, we are hardly yet arrived 
at a period when this can be said to be completely deter- 
minable from observation alone. In all this we see nothing 
of accident, unless it he accidental that an event which must 
have happened between 1781 and 1953, actually happened 
in 1822; and that we live in an age when astronomy has 
reached that perfection, and its cultivators exercise tliat vi- 
gilance which neither j)erinit such an event, nor its scientific 
importance, to pass uii not iced. The blossom had been >vatclied 
with interest in its de\olopeinent, and the fruit wjis gathered 
in the very moment of maturity.* 

(776 «.) In the foregoing chapters we have enumerated 
and described the several bodies so far as dviiown of winch 
our system consists, and have shown how their mutual dis- 
tances froni and their motions with res})ect to each olher may 

* Tlie student who may wish to see the perturbations of Uranus produced 
by Neptune, as computed from a knowledge of the elements and mass of that 
planet, sulh as we now know to be pretty near the truth, will find them stated 
at length from the calculations of Mr. Walker, (of Washington, IJ, S.) in the 

** Proceedings of the American Ae.-ulemy of Arts and Sciences,** vol. i. p. 
et seq. On examining ilie comparisons of the results of Mr. Walker’s fortnul® 
with those of Mr. Adams’s theory in p. 342, he will perhaps be surprised at the 
enormous difference between the actions of Neptune and Mr. Adams’s “hypo- ’ 
tbetical planet” on the longitude of Uranus. Tliis is easily explained. Mr. 
Adams’s perturbations are deviations from UouWd’s mint of Uranus, as U stood 
immediately previous to the late conjunction. Mr. ^Valkei’s arc the deviations 
from a mean or undisturbed orbit freed from the intluonce of the long inequalirv 
tt^RviUing from the near commcnsurability of the motions. 
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be (leternjined, .‘iiul their rnassc.s compared witli that of the 
central body, and ultimately with that of our own ]>Ianet as 
a unit of reference ; but nothing has been said respecting the 
laeans by which that unit itself can be brought into coin- 
])arison with the mass^ weight, or inertia of those portions of 
its substance v/hich we see and handle on its surface. This 
datum — the total weight of the earth itself — the number 
of times that its entire mass exceeds that of a pound of lead 
or other matter — or in other words (its bulk being accu- 
rately known), its mean density — remains uj) to this point 
of the present work undetermined, and is the one tiling want- 
ing to complete our knowledge of the data of our vsystem and 
fully to connect astronomy with ordinary meclianics. AYe 
shall now therefore proceed to explain the methods by which 
this has been accomplished. 

(776 5.) The principle which at once suggests itself to every 
mind is to measure the direct attraction, if it be possible, oi 
some known mass, at some known distance, on some other. 
AVe say, if it be possible, because whatever notion wc may 
form a jniori of the weight of the earth as. estimated in 
pounds or tons, it is clearly something enormous; and more- 
over, since it follows from the law of gravitative attraction* 
that the attractions of spheres of equal density on points at 
their surface are to each other as tlieir radii, the attraction 
of a globe a foot in diameter, of the same average density of 
the earth, on a material point at its own surface would only 
amount to the 41,849,28()th part of the weight of such material 
point; and therefore its attraction on a spherical body, 
suppose also a foot in diameter, placed in contact with it, 
would only amount to one 167,397,120th part of the weight 
of such body. Now when we have to deal with fractions of 
such an order of minuteness, all ordinary modes of directly 
measuring forces and weights break down, and the utmost 
resources of invention and art must be taxed even to render 
them perceptible, to say nothing of their precise determi- 
nation. ^ 

(776 c.) The first and most obvious mode of producing a 

* Princip. bk. 1. prop. 72. 


* N N 4 
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magnified result is to augment, m as high a ratio as possible, 
the attracting mass ; and therefore to substitute some great 
natural mass of tlie most suitable form which can be foinid, 
ibr an artificial sphere. And as the resources afibrded hy 
the integral calculus furnish the means of calculating the at- 
traction of a body of any size and figure of known materials 
on a point any where situated without it, the idea naturally 
enough sui^^f^ested itself to take some large mountain, of as 
regular a shape as might be found, for the attracting body, 
and to measure its attraction, on a principle pointed out by 
Newton*, by the deviation from verticality of a pliinib-line 
susjxmded near it, which will necessarily be drawn aside 
towards the mountain. As the deflexion to be expected 
however, even in the case of a very large mountain, is still 
exceedingly minute, the working out of this idea Into prac- 
tl(‘e calls for very exact and refined astronomical observations. 

(776 d.) In the first place the question arises in limine, 
how arc we to ascertain, at any place, what is ji vertical di- 
rection? The plumb-line, it is obvious, cannot give 

us this information, nor can levels, for the surface ol‘ still 
water is always at right angles to the single force, whatever 
tliat may be, wdiich results from a combination of all tlic 
forces acting on it^- in other words, to the direction of the 
deviated j>lumb-line. Hero it is that our knowledge of the 
figure and dimensions of the earth stand us in stead. ^Ve 
cannot, it is true, remove the mountain so as to find wdiere 
the plunib-line would point, or the level rest in its absence; 
but wc can shift our station to the oi)j)Oslte side, and by 
sidereal observation ascertain whether the direction of the 
j)liiinb-line has varied by more or less than the amount of 
change due to such a change of station on the globe. Thus 
tlien we proceed: — 

Suppose M the mountain, A B a circle of latitude jxissing 
through two stations P, Q, at its foot, (or rather at such 
heights on its slope as shall corresi)ond to the maxima of 
its lateral attraction,) at each of which let observations be 
made wdth a portable zenith sector alternately established at 

* Treatise on the System of the World in a popular way, ( 1728 ). 
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one and the other of the zenith distances of some star pass- 
very near the zenith of the mountain (so as to free the 



» c 


observations from uiicertuinty of refraction), AVere there 
no lateral attraction, the plumb-lines at both stations would 
j>oint directly to the center of curvature C of the terrestrial 
spheroid (art, 219.), and the angle between them, P C Q. 
would be the difference of latitudes of the stations. Now 
the dlmenssions and elHpticity of the earth as a whole being 
known, this latter difference can be independently determined 
by a trigonometrical survey instituted for the purpose, a 
base being measured, and the meridional distance P Q as- 
certained by triangulation (art. 274. et scry.), which, converU il 
into seconds of latitude, gives the difference in question ; to 
which, were there no local attraction^ the observed dilFerence 
of zenith distances ought to correspond. But tliis will not be 
the case. The mountain will attract the plummet both ways 
inwards, into situations P E, Q E, including a greater angle 
than P C Q, and this being the observed angle or apiiarent 
difference of zenith distances — subtracting from it the dif- 
ference of latitude so independently obtained, the excess will 
represent the sum of the two deviations north and south due 
to the attra(5tion requirM- The mountain has then to be 
surveyed, and modelled, and mineralogical specimens taken 
from every accessible part of it, and their sj)ecific gravities 
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tleterniined ; and thiis^ no matter with what amount of cal- 
culation (for it is no light task), the total lateral attraction 
is computed in units of some definite scale; sucli, for instance, 
that each unit shall represent the total attraction of a sphere 
ofd lb. weight, on a }>oint I foot distant from its center. The 
sum of all these units, each reduced to a horizontal direc- 
tion, is the total lateral attraction of the mountain, and is 
therefore to the total vertical attraction of the earth, as tlte 
tangent of the deviation (taken so as to divide the total ob- 
served dlfierence in the I'atio of the computed attractions at 
either station), is to radius. 

(776 e.) The process is laborious and costly — requires ex- 
cellent instruments iind the cooperation of more than one 
practised observer. It has, however, been put in exe(Hitir)n 
on several occasions; viz., 1st, 1 )y the French Academi- 
cians, Iloiigiier and La Condamine, who in the course of 
their operations in Peru for the measurement of an arc oi 
the meridian (art. 216.) instituted observations of the kind 
above described on Chimborazo in 17^18. Their means of 
observation, liowcver, were not such as to afford any distinct 
result, though a deviation of the plumb-line to the amount of 
about ll" appears to have been obtained, 2nd, by Maske- 
lyne, in 1774, on the mountain Schehallieii in Scotland, a 
mountain, not indeed of any great magnitude, being only about 
oOOO feet in altitude, but well situated, and otherwise well 
adapted for the experiment. It was successful. A joint 
amount of the lateral deviations on either side, of II '^'6, was 
well ascertained to be produced by tlie local attraction, and 
the calculations being executed, (by Dr. Hutton and sub- 
sequently by Professor Playfair,) a result entitled to some 
reliance ^was obtained, according to which the mean density 
of the earth comes out 4 ’713 times that of water at the sur- 
face. More recently, we find a series of observations in- 
stituted by Sir IT. James, Superintendent of the Ordnance 
Survey, on Arthur’s Seat near Edinburgh*, by which, from a 
defiexion of observed on the north and of 2'^ *00 on the 

south side of that mountain, a mean density results of 5*316. 

♦ Fhil. Tr. 1856, p. 5yl. 
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(776 f.) Observaf ions of the time of oscillation of a pen- 
linhiin afford (see art. 235.) a direct measure of the force by 
which the OvScillating mass is urged vertically downwards. 
Hence it follows that if this time be very })reci8ely deter- 
mined, both at the summit and at the foot of a mountain or 
(derated table land, the attraction of the mass of siicli moun- 
tain or table land vertically downwards will become known. 
For gravity decreasing inversely as the square of the dis- 
tance would be enfeebled by the increase of that distance in 
a proportion which can be* preciwscly calculated from the 
known height of the upper station ; and therefore, could the 
pendulum be supported in tlie air at that heiglit, the increase 
of its time of oscillation, under those circumstances, would 
be exactly known by calculation. Jjut being supported on 
a mountain mass, protruding above the level surface of the 
terrestrial splieroid, the attraction of that mass acts on it in 
addition to the so diminished force of general gravitation, 
and j)revcnts it from losing on the sea*level rate so much as 
it would do were the mountain devoid of attractive pow(‘r. 
Experiments of this nature have been made V)y tlie Italian 
astronomers Plana aiidCarlini on Mont Cenis in Savoy, and 
the result, all coun)utatIon8 executed, have given 4*950 for 
the mean density in question. 

(776 g.) But it is also possible to descend below, as well 
;ks to rise above, the general sea-lcvel, and to observe the 
pendulum at great depths below that level, as In deej) mines. 
It wns shown [)y Newton* that the attraction of a hollow, 
spherical, homogeneous shell on a [)oint however situate 
within it, is simpl}^ nil, i,e. that the material point so placed 
is equally attiacted by it in all diret^tions. IIciKx; by dt‘- 
scending Ixdovv the surface, Ave set ourselves free of the at- 
traction oi the v:hole spherical shell exterior to point of 
ol)servation, and tiie remaining artti-action is tlu^ same as that 
of the Avhole interior mass collected in its center. This )nay, 
or may not, be less than the attraction of the whole earth on 
a point at its surlaec. It Avill be less if the earth be liomo- 
geiieuns or of the same density throughout; for in tha^ 

, rnucip. I /lb. i. Prop. 70. 
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case Newton has shown* that the attractive forces of the 
whole sphere, and of the interior sphere, each on a point on 
its own surface, are to each other as their radii. But if the 
internal portions of the earth be more dense than the external, 
(as they must be if the foregoing determinations be any a[)- 
proach to truth,) it may be greater. The experiment has 
been made, on three several occasions, by the present Astro- 
nomer Boyal (Mr. Airy). On the two first in the Dolcoatli 
mine in Cornwall at a depth of 1200 feet — a clock and 
pendulum were transported alternately to the bottom and the 
mouth of the shaft. On both these occasions the arrangoinents 
were defeated ; on the first, by the accidental combustion 
of the packages of instruments in mid-air while in the act of 
raising them from below, attended with their precipitation 
down the shaft of the mine ; on the other, by the subsidence 
of a mass of rock, “many times the size of Westminster 
Abbey,” during the experiments, deluging the mine with 
water and forcing a premature conclusion. The third at- 
tempt, (in the llartori Coal Pit, near South Shields, 1200 
feet in depth,) proved perfectly successful, and the oscillations 
of the pendulum below being compared with those of the 
clock above, by the immediate transmission of the beats of 
the latter down the mine by an electric wire, the great diffi- 
culty (that of the exact transmission of time) was annihilate<l. 
The result of this experiment was that a pendulum vibrating 
seconds at the inoutli of the pit, would (join 2^ sec. per dny 
at its bottom ; and the final result (of which the calculations 
have very recently been published f) gives 6*565 for the 
mean density of the earth. 

(776 h.) The difTTerence between these several results is 
considerable, and even the interval between the last men- 
tioned aAd the highest of the others pretty large: it is 
bridged over however, so to speak, and the interval partly 
filled up, by the results of a totally different class of experi- 
ments of a much more curious and artificial nature, wdiich we 
have now to describe. We have already seen (art. 234.) that 
the force of gravity may be brought directly into comparison 

* Princip. Lib. i. Prop. f Phil. Tr.iris. 
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with other material forces by using as an intm-mediuni tlie 
elastic power of a spring. What is true of gravitation to 
the whole mass of the earth is eciually so of gravitation to- 
wards any material mass, as a leaden ball. It may be 
measured by equilibrating it with the tension of a spring; 
provided, 1st, that we can frame a spring so delicate as to be 
visibly and measurably affected by so minute a force ; 2ndly, 
that the force can be so applied as to be the only force tend- 
ing to bend the spring, a condition which implies that it shall 
act on it, not vertically, but horizontiilly, so as to eliminate the 
weight of the spring, or at least prevent its being mixed up 
with the result ; and, 3rdly, that we shall possess some in- 
dependent means of nicasuring the elastic power of the spring 
itself. All these conditions are satisfied by the balance of 
torsion, devised by Michell with a view to this enquiry, and ap- 
plied, after his death, to the intended purpose by Cavendish, in 
the celebrated experiment usually cited as the Cavendish 
Experiment/’* 

(776 /.) The apparatus consists essentially of a long wooden 
rod made so as to unite great strength with little weight; 
carrying at its extremities two equal balls suspended 



in a horizontal situation by a wire no thicker than necessary 
securely to sustain tlie weight, from a point over its center 

♦ Piiil. Trans. 1798, 469. Cavendish expressly states that MicheU’s inven- 
tion of this beatitiful instrument, and his communication of it to him, was anteer- 
dejjt to the puV>lication of Coulomb’s researches. 
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of grayity, the Avire being arranged as in the figure, so as to 
relieve the rod of the av eight of th (3 balls, its office being 
solely to keep tliem apart at a given liorizontal distance. It 
is evident that wJien suspended from C, and allowed to take 
its position of equilibi’ivun undisturbed by any external force, 
the rod will assume such a sitinition that the Avire C D shall 
be (piitc dcA^oid of torsion; but that if the rod Al> he dis- 
turbed from this neutral position, C D remaining vertical, the 
elastic force of tlie wire called into action by the torsion so 
induced will tend to bring it back to tlic point of departure 
l^y a force j)roportional to the angle of torsion. Wlien so 
disturbed then, and abandoned to itself, it Avill oscill:rte 
Ixivdvward and forward in liori/.oiital art's, the oscillations 
being all performed in equal times; and from the time oliserved 
to be occupied in each oscillation, the weiglUs of the balls 
and that of tlie rod being known, avc are able, from dynamical 
j)ririclj)les, to (lotra'inine the motive fojx'e by Avliicli tin? Avirc 
acts on tlie balls, or the force of torsion. Suppose, now, 
two lieavy leaden spheres to be brought, lateially, u|) nearly 
Into eontact, the one Avith A, the other Avitb 11, but on op|>o- 
site sides of them, they Avill attract A, II, and their atlrac- 
tions will conspire in twisting the Avire the saine way; so tliat 
the point of rest will be changed from the original neutral 
point to one in which the torsion shall just counterbalance 
tlie atti'actions. By shifting the attracting balls alternately 
to the one and the other sides of A B, lliese Avill assume posi- 
tions of rest alternately on opposite sides of the original 
Tieutrjil point, and equidistant from it, so that the deviation, 
if any, shall thus become doubled in its effect on the read- 
ings off of a scale marked by a pointer at the end of the rod, 
Avhich may be observed through a telescope placed at a dis- 
tance, so that the approach of the observer’s 2)er8on may create 
no disturbance. 

(776 J.) Practically, the observation is not so simple as in 
the above statement. Tlie halls can hardly ever be brought 
com|)]etely to rest ; and the neutral point has to be concluded 
by noting the extremes of the arc of oscillation, perpetually 
diminisliing by the resistance of the air. And Avhen the 
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attracting balls nm brougbt into action, tlieir attraction (act- 
ing laterally, according to ilie inverse squares ofc* the distances) 
mixes itself with the force of torsion, to j>rodiice a compound 
law of force, under wliose influence th(‘ times, velocities, and 
arcs have a different relation from those due to the torsion 
alone, and Avhich, when investigated rigorously, lead to eal- 
culations of great coni})lexity. Ifortunately, the extreme 
minuteness of the attractive forces dispenses Avith a rigorous 
solution of this problem, and allows of a very simple and 
ready approximation, quite exact enough for tlie ])urj>ose, 
lint besides these, a liost of disturbing inffueiices, arising 
from currents of air induced by <lifference of temperature, 
has to be contcndt;d with or guarded against, so as to render 
the experiment one of great difficulty and full of niceties, the 
mere ( Tumieration of wliich liere, hoSvever, would lead us fai 
beyond our limits* * 

(770 A.) The experiment, as conducted by Cavendis]), 
afforded as its final result o-480. lvej>oated since, with 
greater precautions, by Professor Ilcich, 5*438 Avas obtained ; 
and still more recently, by tlie late F. Baily, in a series of 
experiments exhiluting an astonishing amount of skill and 
patience in overcoming the almost innumerable obstacles to 
complete success, 5*000; a result undoid)tedly preferable to 
tlie two former. Thus the final result of the whole enquiry 
Avill stand as below, the densities concluded beins: arranged 
in order of magnitude : — 

Schchallien experiment, by Maskclyne, calculated by Playfair T)~- 4*713 


Carlini from perujulurn on Mount (*enis (corrected by GiuUo) - 4*950 

Col. James from attraction of Arthur’s Seat - - - 5\*U6' 

Reich, repetition of Cavendish exj)eriment - - - 5*438 

Cavcndisli, result 5*480, corrected liy Mr. liaily’s recomputatum -* 5‘448 

Baily’s repetition of Cavendish experiment - . . 5*660 

Airy, from pendulum in Harton coal-pit - - - - 6'5G5 

General mean - - 5*44 If 

Mean of greatest and least - 5*639 


• 'the reader is warned to be on his guard against accepting as correct au 
account of tin* princi])le of the Cavendish experiment, professing to einanaU 
from one very high astronomical authority, and passed without note or comment 
(aixl therefore so far sanctioned) by another, hut uhicli irivolves a total miscon- 
ception of its true nature (Arago, J^ezione di j^Hrono/nia tradutte ad annotate di 
N, Nnpoli, 1851, p- ^38.) 

f Newton, by one of l«is astoruslung divinatir)ns-, h;.d already expressed his 
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(776 L) Calculating on 5^ as a result sufficiently approxi- 
mative atul convenient for memory; taking the mean diameter 
of the earth, considered as a sphere, at 7912*41 miles, and 
the weight of a cubic foot of water at 62*3211 lbs.; we find 
for its solid content in cubic miles, 259,373 millions, and for 
its weight in tons of 2240 lbs. avoird. each, 5842 trillions ( = 
5842 X 10i«). 

opinion that the mean density of the earth would be found to be between five 
and si]t times that of water. (Princ. iiL lOi) 
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PART III. 

OF SIDEREAL ASTRONOMT. 

CHAPTER XV. 

OF THE FIXED STARS. — THEIR CLASSIFICATION T5Y MAGNITUDES. - 

rHOTOMF/rmC scale op magnitudes. conventional or VTfL, 

GAR SCALE. PHOTOMETRIC COMTARISON OF STARS. DISTRIRU- 

TION OP STARS OVER THE HEAVENS. OF THE MILKY WAY OR 

GALAXY. — ITS SCPPOSED FOILM THAT OP A FLAT STRATUM PAR- 
TIALLY SUBDIVIDE!). ITS VISIBLE COURSE AMONG THE CONSTEL- 
LATIONS. ITS INTERNAL STRUCTUliE. ITS APPARENTLY INDE- 
FINITE EXTENT IN CERTAIN DIRECTIONS, OP THE DISTANCE OP 

THE FIXED STARS. THEIR ANNUAL PAR^UXAX. PARALLACTIC 

UNIT OF SIDEREAL DISTANCE.— EFFECT OF PAILVLLAX ANA LOGO U.i 

TO THAT OF ABERRATION HOW DISTINGUISHED FROM IT. — I)K- 

TECTION OF PARALLAX BY MERIDIONAL OBSERVATIONS. — HEN- 

DERSON’s APPLICATION TO a CENTAURL BY DIFFERENTIAL OB- 

- #• 

SKRVATIONS. DISCOVERIES OF BESSEL AND STRUVE* — I 1ST OF 

STARS IN WHICH PARALLAX HAS BEEN DETECTED OF THE REAL 

MAGNITUDES OF THE STARS. COMPARISON OF THEIR LIGHTS 

WITH THAT OF THE SUN. 

(777.) Besides the bodies we have described in the fore 
going chapters, the heavens present us with an inntiinerablo 
iiiLiltitude of other objects, which are called generally by the 
name of stars. Though comprehending individuals di>lering 
from each other, not merely in brightness, but in many other 
essential points, they all agree in one attribute, — a high 
degree of permanence as to apparent relative situation. This 
has procured them the title of fixed stars ; ” an expression 
which is to be understood in a comparative and not an abso- 
lute sense, it being certain that many, and probable tliat all, 
are in a state of motion, although too slow to be perceptible 

o o 



562 


OUTLINES OF ASTKONOIMT, 


unless by means of very delicate observations, continued 
during a long series of years, 

(778.) Astronomers are in the habit of distinguishing tlio 
stars into classes, according to tlieir apparent brightness. 
These are termed magnitiidea. The brightest stars are vsahl 
to be of the first magnitude; those which fall so far short 
of the first degree of brightness as to make a strongly marked 
distinction are classed in the second; and so on down to the 
sixth or seventh, which comprise the vsmallest stars visible to 
the naked eye, in the clearest and darkest night. IJeyond 
tliesc, however, telescopes continue the range of visibility, 
and magnitudes from the 8th down to the 16th are familiar to 
those who are in the practice of using powerful Instruments ; 
nor does there seem the least reason to assign a limit to tliis 
progression ; every increase in the dimensions and power of 
instruments, which successive improvements In optical science 
have attained, having brought into view multitudes inmi- 
mcrabic of objects invisible before; so that, for any thing 
experience has hitherto taught us, the number of the stai*s 
may be really infinite, in the only sense in which we can 
assign a meaning to the word. 

(779.) This classification into magnitudes, however, it 
must be observgd, is entirely arbitrary. Of a multitude 
of bright objects, differing probably, intrinsically, liotli in 
size and in splendour, and arranged at unequal distances from 
us, one must of necessity appear the brightest, one next below 
it, and so on. An order of succession (relative, of course, to 
our local situation among them) must exist, and it is a matter 
of absolute indifference, whei'e, in that infinite progression 
downwards, from the one brightest to the invisible, we clioose 
to draw our lines of demarcation. All this is a matter of 
pure convention. Usage, however, has established such a 
convention ; and though it is impossible to determine exactly, 
or a priori^ w'here one magnitude ends and the next begins, 
and although different observers have differed in their rnagni- 
tudes, yet, on the whole, astronomers have restricted their 
first magnitude to about 23 or 24 principal stars ; their 
second to 50 or 60 next inferior; their third to about 200 yet 
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smaller, and so on ; tlie numl)crs increasing very rapidly as 
we descend in tlie scale of l>rightness, the whole number 
of* stars alread)^ registered down to tlie seventh magnitude, 
inclusive, amounting to from 12000 to 15000. 

(780.) As we do not sec the actual disc of a star, but 
judge only of its brightness liy tlie total impression made 
upon the eye, the apparent magnitude of any star will, it 
is evident, depend, 1st, on the stars distance from us; 2d, on 
the absolute magnitude of its illuminated surface; 3d, on the 
intrinsic brightness of that surface. Now, as we know no- 
thing, or next to nothing, of any of those data, and have 
every reason for believing tliat ea(3h of them may differ in 
different individuaks, in the proportion of many millions to 
one, it is clear that we are not to expect much satisfaction in 
any conclusions we may draw iioin numerical statements of 
(he number of individuals wliicli have lieen arranged in our 
artificial chivsses antecedent to any general or definite priacijjle 
of arrangement. In fact, astronomers have not yet agreed 
n])on any principle by which the magnitudes may be photo- 
metrically classed a priori^ whotluu* for example a scale of 
brightnesses decreasing in geometrical progression should be 
adopted, each term being one lialf of the preceding, or one 
third, or any other ratio, or whetlier it W()i4d not be prefer- 
able to adopt a scale decreasing as the squares of the terms 
of an harmonic progression, c. according to the series 1, 
h h tV' former would be a purely [diotometric 

scale, and would have the apparent advantage that the light 
of a star of any magnitude would bear a fixed proportion to 
that of the magnitude next above it, an advantage, how-ever, 
merely aj)])arent, as it is certain, from many optical facts, tluit 
the unaided eye forms very different judgments of the, pro- 
portions existing between bright lights, and those between 
feeble ones. The latter scale involves a physical idea, that of 
supposing the scale of magnitudes to correspond to the ap- 
pearance of a first magnitude standard star, rcnfo\'ed succes- 
sively to twice, three tim^s, &c. its original or standard 
distance. Such a scale, which would make tlie nominal 
magnitude assort of index to the presumable or average dis- 
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tance, on the supposition of an equality among the real lights 
of the stars, would fiiclUtate the expression of speculative Ideas 
on the constitution of the sidereal heavens. On the other 
hand, it would at first sight appear to make too small a differ- 
ence between the lights in the lower magnitudes. For ex- 
ample, on this principle of nomenclature, the light of a star 
of the seventh magnitude would be thirty-six 49ths of that 
of one of the sixth, and of the tenth 8 1 hundredths of the 
ninth, while between the first and the second tlie proportion 
would be that of four to one. So far, however, from this 
being really objectionable, it falls in well with the general 
tenor of the optical facts already alluded to, inasmuch as tlio 
eye (in the absence of disturbing causes) does actually discri- 
minate with greater precision between the relative intensities 
of feeble lights than of bright ones, so that the fraction f 
for instance, expresses quite as great a step downwards (pl»y- 
siologically speaking) from the sixth magnitude, as ^ does 
from the first. As the choice, therefore, so far as we can see, 
lies between these two scales, in drawing the lines of demar- 
cation between what may be termed the photoinctrical magni- 
tudes of the stars, we have no hesitation in adopting, and 
recommending others to adopt, the latter system in pieference 
to the former. 

(781.) The conventional magnitudes actually in use among 
astronomei’s, so far as their usage is consistent with itself, 
conforms moreover very much more nearly to this than to tlie 
geometrical progression. It has been shown ^ by direct plio- 
tometric measurement of the light of a considerable number 
of stars from the first to the fourth magnitude, that if M be 
the number expressing the magnitude of a star on the above 
fiyste,m, and m the number expressing the magnitude of the same 
star in the loose and irregular language at present conven- 
tionally or rather provisionally adopt^i, so far as it can be col- 
lected from the conflicting authorities of differeJit observers, 
the difference between these numbers, or M — /?/, is the same 
in all the higher parts of the scalcy and is less than half a inag- 

♦ See Results of Observations made at the Cape of Good Hope, &c. Ac." 
p. 311. By the Author. * 
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nitude (0”*. 414). The standard star assumed as the unit of 
magnitude in the ngeasurements referred to, is the bright 
southern star a Centauri, a star somewhat superior to Arcturus 
in lustre. If we take the distance of this star for unity, it 
follows that when removed to the distances 1*414, 2*414, 
3*414, &o. its apparent lustre would equal those of average 
stars of the 1st, 2d, 3d, &c. magnitudes, as ordinarily reckoned j 
respectively. 

(782.) The difference of lustre between stars of two con- 
secutive magnitudes is so considerable as to allow of many 
intennediate gradations being perfectly well distinguished. 
Hardly any two stars of the first or of the second magnitude 
would be judged by an eye practised in such comparisons to 
be exactly equal in brightness. Hence, the necessity, if any - 
thing like accuracy be aimed /it, of subdividing the magni^ 
tudes and admitting fractions into our nomenclature of 
brightness. AVhen this necessity first began to be felt, a 
simple bisection of the interval was recognized, and the inter- 
mediate degree of brightness was thus designated, viz. 1.2 ni, 
2.3 m, and so on. At present it is not unfrequent to find the 
interval trisected thus: 1 m, 1.2 m, 2.1m, 2m, &c. where 
til e expression 1.2 m denotes a magnitude intermediate be- 
tween the first and second, but nearer 1 than 2 ; while 2.1 m 
designates a magnitude also intennediate, but nearer 2 tlian 
1. "Jliis may suffice for common parlance, but as this depart- 
ment of astronomy progresses towards exactness, a decimal 
subdivision will of necessity supersede these rude forms of 
expression, and the magnitude ivill be expressed by an integer 
number followed by a decimal fraction; as for instance, 2.51 
which expresses the magnitude of 7 Geminoriim on the 
vulgar or conventional scale of magnitudes, by which we at 
once perceive that its place is almost exactly half way 
between the 2d and 3d average magnitudes, and that its 
light is to that of an average first magnitude star in that scale 
(of which a Orionis in its usual or normal state ^ may be 
taken as a typical specimen) as 1 ^ : (2*51 ) ^ and to that of u 

In the interval from ISSfi to 1839 this star imflorwfn! considerable and rc- 
nijirkable duetuations of brightness. 
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Centauri as 1 (2*924)“, making its place In the photometric 

scale (so defined) 2*924. Lists of stars northern and southern, 
comprehending those of the vulgar first, second, and tlurd 
magnitudes, with their magnitudes decimally expressed in 
both systems, will be found at the end of this work. The 
light of a star of the sixth magnitude may be roughly stated 
as about the hundredth part of one of the first, Sirius would 
make between three and four hundred stars of that magnitude. 

(783.) The exact photometrical deteniiination of the com- 
parative intensities of light of the stars is attended with many 
and great difficulties, arising partly from their differences of 
colour ; partly from the circumstance that no In variable 
standard of artificial light has yet been discovered ; partly 
frpm the physiological cause above alluded to, by whicli tlie 
eye is incapacitated from judging correctly of the proportion 
of two lights, and can only decide (and that with not very 
great precision) as to their equality or inequality ; and partly 
from other physiological causes, I'he least objectionable 
method hitherto proposed would appear to be the following. 
A natural standard of comparison is In the first instance 
selected, brighter than any of the stars, so as to allow of 
being equalized with any of them by a reduction of its liglit 
optically effected, and at the same time either iiiAairlable, or 
at least only so variable that its changes can be exactly cal- 
culated and reduced to numerical estimation. Such a 
standard is ofTered by the planet Jupiter, which, being much 
brigliter than any star, subject to no pliases, and varialjle in 
light only by the variation of its distance from tlic sun, and 
which moreover comes in succession above the horizon at a 
convenient altitude, simultaneously wdth all the fixed stars, 
and, in the absence of the moon, twilight, and other disturb- 
ing causes (avIucIi fatallj^^ffect all observations of this nature), 
combines all the requisite conditions. Let us suppose, now% 
that Jupiter being at A and the star to be compared with it 
at B, a glass prism C, is so placed that the liglit of the 
planet deflected by total internal veflexion at its base, shall 
emerge parallel to B E the direction of the star's visual ray. 
After reflexion, let it be received on a lens D, in whose focus 
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F, it will form a small bright star-like image CJipable of being 
viewed by an eye placed at E, so far out of the axis of the cone 
of diverging rays as to admit of seeing at the &ame time, and 



with the same eye, and so comparing, this image with the 
star seen directly. By bringing the eye nearer to or further 
from the focus F, the apparent brightness of the focal [)olnt 
will be varied in the inverse ratio of the square of the dis- 
tance E F, and therefore may be equalized, as well as the eye 
can judge of such equalities, with the star. If this be done 
for two stars several times alternately, and a mean of the 
results taken, by measuring E F, their relative briglitness 
will be obtained: that of Jupiter, the temporary standard of 
comparison, being altogether eliminated from the result. 

(784.) A moderate number of well selected stars being thus 
photometrically determined by repeated and careful measure- 
merits, so as to afford an ascertained and graduated scale of 
brightness among the stars themselves, the intennediate stej)s 
or grades of magnitude may be filled up, by inserting between 
them, according to the judgment of the eye, other stars, 
forming an ascending or descending sequence, each member 
of such a sequence being brighter than that below, and less 
l)right than that above it; and thus at lengtli, a scale of‘ nume- 
rical magnitudes will become established, complete in all its 
members, from Sirius, the brightest of the stars, down to the 
least visible magnitude.* It were much to be wished that 

* For tho method of combi nihg and treating snch sequences, where acenmu- 
Uted in considerable numbers, so as to eliminate from their results'the inHiiencc 
of erroneous judgment, atniospherie circtimstancos, Ac., whicli often give rise to 
Contradictory arrangement? in the order of stars ditfering but little in inagnitinle, 
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this branch of astronomy, which at jiresent can hardly be said 
to be advanced beyond its infancy, were perseveringly and sys- 
tematically cultivated. It is by no means a subject of mere 
barren curiosity, as will abundantly appear when we come to 
speak of the phscnomena of variable stars ; and being moreover 
one in which amateurs of the science may easily chalk out for 
themselves a useful and available path, may naturally be ex- 
pected to receive large and interesting accessions at their hands 
(785.) If the comparison of the apparent magnitudes of the 
stars with their numbers leads to no immediately obvious con- 
clusion, it is otherwise when we view them in connection with 
their local distribution over the heavens. If indeed we confine 
ourselves to the three or four brightest classes, we shall find 
them distributed with a considerable approach to impartiality 
over the sphere : a marked preference however being observ- 
able, especially in the southern hemisphere, to a zone or belt, 
following the direction of a great circle passing through s 
Orionis and a Crucis. But if we take in the wliole amount 
visible to tlie naked eye, we shall perceive a great increase of 
number as we approach the borders of the Milky Way. And 
wlien we come to telescopic magnitudes, we find them 
crowded beyond imagination, along the extent of that circle, 
and of the branches which it sends olf from it ; so that in fact 
its whole light is composed of nothing but stars of every mag- 
nitude, from such as are visible to the naked eye down to the 
smallest point of light perceptible with the best telescopes. 

(786.) These pluenomena agree with the supposition that 
the stars of our firmament, instead of being scattered in all 
directions indifferently through space, form a stratum of which 
the thickness is small, in comparison with its length and 
breadth ; and in which the earth occupies a place somewhere, 
about thb middle of its thickness, and near the point where it 
subdivides into two principal lamina?, inclined at a small angle 
to each other (art. 302.). For it is certain that, to an eye so 

as well as for an account of a series of photometric comparisons (in which how- 
ever, not Jupiter, but the moon, was used as art’ interrneniate standard), see the 
work above cited, note on p. (Results of Observations, &c. ) Prof. Heis 

. . is. so far as we are aware, the only observer who has adopted and extended 
the method of Jjerjiicnce^ there cmployf^d. 
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situated, the apparent density of the stars, supposing them 
pretty equally scattered through the space they occupy, would 
be least in a direction of the visual ray (as S A), perpendi- 
cular to the lamina, and greatest in that of its breadth, as 
SB, SC, S D ; increasing rapidly in passing from one to the 
other direction, just as we see a slight haze in the atmosphere 
thickening into a decided fog bank near the horizon, by the 
rapid increase of the mere length of the visual ray. Such is 
the view of the construction of the starry firmament taken by 
Sir William Herschel, Avhose powerful telescopes first effected 
a complete analysis of tliis w'onderful zone, and demonstrated 
the fact of its entirely consisting of stars. * So crowded are 

c 

i> 

they in some parts of it, that by counting the stars in a single 
field of his telescope, he was led to conclude that 50000 had 
passed under his review in a zone two degrees in breadth, 
during a single hour’s observation. In that part of the milky 
way which is situated in lOA 30m R A and between the 
147th and 150th degree of N P D, upwards of 5000 stars 
have been reckoned to exist in a square degree. The im- 
mense distances at which the remoter regions must be situated 
will sufficiently account for the vast predominance of small 
magnitudes which are observed in it. 

(787.) The course of the Milky Way as traced through the 
heavens by the unaided eye, neglecting occasional deviations 
and following the line of its greatest brightness as well as its 
varying breadth and intensity wdll permit, conforms as nearly 
as the indefiniteness of its boundary will allow it tol^e fixed, 
tif that of a great circle inclined at an angle of about 63^ to 
the equinoctial, and cutting that circle in R A 6 h 47 m and 

* Thomas Wright of Durijam (Theory of the Universe, London, 17.50) ap- 
pears so early as 1734 to have dl'itertained the same general view as to the eon- 
stitution orf' the Milky Way and starry iirmament, founded, quite in the spirit of 
just astronomical speculation on a partial resolution of a portion of it with a 
“ one-foot reflector ’* (a reflector one foot in focal length). wSee an account of 
this rare work by Mr. de Morgan in Phil. Mag. Scr. 3, .^xxii, p. 211, et scq. 
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18A 47/w, SO that its nortliera and southern poles respectively 
are situated in II. A. 12 A 47m NPD 63® and R. A. OA 47 m 
N PD 117®. Throughout the region where it is so remark- 
ably subdivided (art. 186.), this great circle holds an inter- 
mediate situation between the two great streams ; with a 
nearer approximation however to the brighter and continu- 
ous stream, than to the fainter and interrupted one. If we 
trace its course in order of right ascensioiL we find it travers- 
ing the constellation Cassiopeia, its brightest part passing 
about two degrees to the north of the star S of that constel- 
lation, I. €. in about 62° of north declination, or 28® NPD. 
Passing thence between y and s Cassiopeia? it sends off a 
branch to the south-preceding side, towards a Persei, very 
(;ons[)icuous as far as that star, prolonged faintly towards 
s of tlie same constellation, and possibly traceable towards 
tlie Ilyades and Pleiades as remote outliers. The main 
stream however (which is here very faint), passes on through 
Auriga, over the three reuiarkable stars, h, 77 , of that con- 
stellation preceding Capella, called the Hoedi, preceding 
Capella, between the feet of Gemini and the horns of the 
Hull (where it intersects the ecliptic nearly in the Solstitial 
Coliire) and thence over the club of Orion to the neck of Mono- 
ceros, iaterscctiiig the equinoctial in E. A. 6 A 54 m. Up to 
this point, froin the offset in Perseus, its light is feeble and 
indefinite, but thenceforward it receives a gradual accession 
of brightness, and where it passes through the shoulder of 
Monoccj-os and over the head of Cards Major it presents a 
broad, moderately bright, very uniform, and to the naked eye, 
starless stream up to the point where it enters the prow of the 
ship Argo, nearly on the southern tropic.* Here it again 
subdivides (about the star Puppis), sending off a narrow and 
winding hrancli on tlie preceding side as far as 7 Argus, where 
it terminates abruptly. The main stream pursues its south- 
ward course to the 123d parallel of NPD, Avhere it diffuses 

• III reading this description a celestial globe will be a necessary coinpaiiinii. 
It may be thouglit needless to detail the course qf the Milky Way verbally, since 
it is mapped down on all celestial charts and globes. But in the generality of 
them, indeed in all which have come to our knowledge, this is done so very loosely 
and incorrectly, as by no means to dispense with a verbal descriptioift 
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itself broadly and again subdivides, opening out into a wide 
fan-iike expanse, nearly 20 ® in breadth formed of interlacing 
branches, all wliich tenninate abruptly, in a line drawn nearly 
through X and 7 Argils, 

(788.) At this place the continuity of the Milky Way is 
interrupted by a wide gap, and where it recominences on 
the opposite side it is by a somewhat similar fan- shaped 
assemblage of branches which converge upon the bright star 
7) Argils. Thence it crosses the hind feet of the Centaur, 
forming a curious and sharply defined semicircular concavity 
of small radius, and enters the Cross by a very bright neck or 
Isthmus of not more than 3 or 4 degrees in breadth, being 
the narrowest portion of the Milky Way. After this it imme- 
diately expands into a broad and bright mass, enclosing the 
stars a and Crucis, and ^ Centauri, and extending almost 
lip to u of the latter constellation. In the midst of this 
bright mass, surrounded by it on all sides, and occupying 
about half its breadth, occurs a singular dark pear-shaped 
vacancy, so conspicuous and remarkable as to attract the 
notice of tlie most superficial gazer, and to have acquired 
among the early soutliern navigators the uncouth but ex- 
pressive appellation of the coal-sack. In this vacancy wliich 
is about 8 ^ in length, and 5"" hrofid, only one very small stai 
visible to the naked eye occurs, thoiigli it is far from devoid 
of telescopic stars, so that its striking blackness is simply due 
to the effect of contrast with the brilliant ground witli wliich 
it is on all sides surrounded. This is tlie place of nearest 
aj)proach of the iVlilky Way to the South Pole. Tbrougliout 
all this region its brightnesa is very striking, and when com- 
pared with that of its more northern course already traced, 
conveys strongly the impression of greater proximity, and 
would almost lead to a belief that our situation as spectators 
is separated on all sides by a considerable interval 1 ‘rom the 
derivse body of stars composing the Galaxy, which in this view 
of the subject would come to be considered as a flat ring or 
some other reentering form of immense and irregular breadth 
and thickness, within which we are exccntrically situated, 
nearer to the southern than to the northern part of its circuit. 
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(789.) At a Centauri, the Milky Way again subdivides*, 
sending off a great branch of nearly half its breadth, but 
which thins off rapidly, at an angle of about 20 ® with 
its general direction, towards the preceding side, to t) and d 
Lupi, beyond wliich it loses itself in a narrow and faint 
streamlet. The main stream passes on increasing in breadth 
to 7 Norrnie, where it makes an abrupt elbow and again sub- 
divides into one principal and continuous stream of very 
irregular breadth and brightness on the following side, and a 
complicated system of interlaced streaks and masses on the 
preceding, which covers the tail of Scorpio, and terminates in 
a vast and faint effusion over the whole extensive region 
occupied by the preceding leg of Opliiuchiis, extending north- 
wards to the parallel of 103® NPD, beyond which it cannot 
be traced; jp^ide interval of 14®, free from all a})pearance 
of nebulous separating it from the great branch on the 

north side of the equinoctial of which it is usually repre- 
sented as a continuation. 

(790.) Returning to the point of separation of this great 
branch Irom the main stream, let us now pursue the course of 
the latter. Making an abrupt bend to the following side, It 
passes over the stars l Arie, 6 and t Scorpii, and 7 Tubi to 
7 Sagittarii, where it suddenly collects into a vivid oval mass 
about (f in length and 4® in breadtli, so excessively rich in 
stars that a very moderate calculation makes their number 
exceed 100 , 000 . Northward of this mass, this stream crosses 
the ecli[)tic in longitude about 276®, and proceeding along the 
bow of Sagittarius into Antinous has its course rippled by 
three deep concavities, separated from each other by remark- 
able protuberances, of* wliicli the larger and brighter (situated 
between ^lamsteed’s stars 3 and 6 Acjuilaj) forms the most 
consj)icuoiis patch in the southern portion of the Milky Way 
visible in our latitudes. 

(791.) Crossing the equinoctial at the 19th hour of right 
ascension, it next runs in an irregular, patchy, and winding 
Btream through Aqiiila, Sagittaand Vitlpecula up to Cygnus ; 

• AU the maps and globes place this subdivision at fi Centauri, \mt erro- 
neously. 
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at s of which constellation its continuity is interrupted, and a 
very confused and irregular region commences, marlced by a 
broad dark vacuity, not unlike the southern coal-sack,” occu- 
])ying the space between b, a, and 7 Cygni, which serves jus a 
kind of center for the divergence of three groat streams; one, 
wliich we have already traced ; a second, the contirinatiou of 
the first (across the interval) from a northward, b(itwcen La- 
certa and the head of Cepliens to the point in Cassioj)(3la whence 
we set out, and a third branching off‘ from 7 Cygni, very vivid 
and conwspicuous, running off in a soutliern direction through 

Cygni, and s Aquilse almost to tlie equinoctial, where it 
loses Itself in a region thinly sprinkled with stars, where in 
some maps the modern constellation Taurus Fonlatovii is 
placed. This is the branch which, if coiitiiined across tlie 
equinoctial, might be supposed to unite with tlt^^great south- 
ern eflusion in Ophiu(‘lms already noticed 789.). A 
considerable offset, or protuberant appendage, is also throwm 
off by the northern stream from the head of Cepheus directly 
toNvards the pole, occuj)ying the greater part of the quartik? 
formed by ot, /3, t, and S of that constellation. 

(792.) We have been somewdiat circumstantial in dc 
scribing the course and principal features of the Via Lactea, 
not only because there does not occur any where (so far as 
we know) any correct account of it, but chiefly by reason of 
its high interest in sidereal astronomy, and that the reader 
may perceive how very difficult it must necessarily be to form 
any just conception of the real, solid form, as it exists in 
space, of an object so complicated, and which we see from a 
point of view so unfavourable. The difficulty is of the same 
kind which we experience when wni set ourselves to conceive 
the real shape of an auroral arch or of the clouds, but far 
greater in degree, because we k/iow the laws wffiich regulate 
the formation of the latter, and limit them to certain con- 
ditions of altitude — because their motion presents them to us 
in various aspects, but cliiefly because v e contemplate them 
from a station considerably below their general plane, so as to 
allow of our mapping out some kind of ground-plan of their 
shape.’ " All these aids are wanting when we attempt to map 
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and model out the Galaxy, and beyond the obvious conclusion 
that its form must be, generally speaking, and of a thick- 
ness small in comparison with its area in length and breadth, 
the laws of perspective afford us little further assistance in the 
inquiry. Probability may, it is true, here and there en- 
lighten us as to certain features. ^Fhus when we see, as in 
the coal-sack, a sharply defined oval space free from stars, 
insulated in the midst of a uniform band of not much more 
than twice its breadth, it would seem much Icvss ju’obable that 
a conical or tubular hollow traverses the Avhole of a starry 
stratum, continuously extended from the eye outwards, than 
that a dhtant mass of comparatively moderate thickiuiss 
should l)e simply perforated from side to side, or that an oval 
vacuity should be seen Ibreshortencd in a distant foreshortened 
area, not really exceeding two or three times its own breadth. 
Neither can 'fre without obvious improbability refuse to 
admit that the long lateral ollsets winch at so many places 
quit tlie main stream and run out to great distances, arc 
either planes soon edgeways, or the convexities of curved 
surfaces viewed tangentially, rather than cylindrical or co- 
lumnar excrescences bristling up oblifpicly from the general 
level. And in the same spirit of probable surmise we may 
account for the intricate reticulations above described as 
existing in tlie region of S(^orplo, rather by tbe accldenlal 
crossing of streaks thus originating, at very difierent distances, 
or by a cellular structure of the mass, tliaii by real inter- 
sections. Those cirrous clouds which arc often seen in Avmdy 
weather, convey no unapt impression either of the kind ot 
appearance in question, or of the structure it suggests. It 
is to other indications however, and chiefly to the telescopic 
examination of its intimate constitution, and to the law ot 
the distribution of stars, not only within its bosom, but 
generally over the heavens, that wc must look for more 
definite knowledge respecting its true form and extent. 

(793.) It Is on observations of this latter class, and not on 
merely speculative or conjectural views,4ihat the generalization 
in Art. 786., which refers the pluenomena of the starry fir- 
mament to the system of the Galaxy as their embodyiiVg fa(*t. 
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is brought to depend. The process of ‘‘gauging ” the heavens 
was devised by Sir W. Herschel for this purpose. It con- 
sisted in simply counting the stars of all inngnitiides which 
occur in single fields of view, of 15' in diameter, visible 
through a refiecting telescope of 18 inches aperture, and 20 
feet focal lengtli, with a nuiignifying power of 180^^: the 
[joints of observation being very numerous and taken in- 
discriminately in every part of the surface of the sphere 
visible in our latitudes. On a coinparisori of many hundred 
such ^^gavigcs” or local enumerations It appears that the 
density of star light (or the number of stars existing on an 
average of several such enumerations in any one immediate 
neighbourhood) is least in the pole of the Galactic circle^ , 
and increases on all sides, with the Galactic polar distance 
(and that nearly equally in all directions) down to the Milky 
A\ ay itself^ where it attains its maximum. The progressive 
rate of increase in proceeding from the pole is at first slow, 
but becomes more and more rapid as we a])[)roach the plane 
of that cu’cle according to a law of which the following 
numbers, deduced by M. Struve from a careful analysis of 
all the gauges in question, will aUbrd a correct idea. 

1 j. VT r* 1 T^* . Averairo Number of Stars in a 

Oalacticf North Polar Distance. Diameter. 


0“ 

4-15 

15° 

4-68 

30° 

6-52 

45° 

10-36 

60° 

17-68 

75° 

30-30 

90° 

122-00 


From which it appears that the mean density of the stars in Ine 
galactic circle exceeds in a ratio* of very nearly 30 to 1 that 

"• From ya\ay yaKanros^ Tii»lk ; nieaning the great circle spoken of iu 
Art 787., to wltich the course of the Via Lactea most nearly conforms. 
This circle is to sidereal what the i nvariable ecliptic is to planetary astronomy — 
a plane of ultimate reference • the ground-plane of the sidereal system. 

t Etudes dMstronomie Stellaire p. 71. M. Struve maintains the Galactic 
circle to |;>e a small, not a great, cir e of the sphere. The appeal is to the eye- 
sight. I retain my own convictioi 
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ill its pole, and in a proportion of more than 4 to 1 that in a 
direction 15® inclined to its plane. 

(794.) These numbers fully bear out the statement in 
Art. 786. and even dx'aw closer the resemblance by which 
that statement is there illustrated. For the rapidly in- 
creasing density of a fog-bank as the visual ray is depressed 
towards tlie plane of the horizon is a consequence not only of 
tlie mere increase in length of the foggy space traversed, but 
also of an actual increase of density in the fog itself in its 
lower strata. Now this very conclusion follows from a com- 
parison inter se of the numbers above set down| as M. Struve 
has clearly shown from a mathematical analysis of the empirical 
formula, which faithfully represents their law of progression, 
and of which he states the result in the following table, ex- 
pressing the densities of the stars at the respective distances, 
1, 2, 3, &c., from the galactic plane, taking the mean density 
of the stars in that plane itself for unity. 


Distances from the 
Galactic Plane. 

Density of 

Stars. 

Distances from the 
Galactic Plane. 

Density of 

Stars. 

0*00 

1 *00000 

0*50 

0*08646 

0-05 

0*48568 

0*60 

0 05510 

0*10 

' 0*83288 

0*70 

0-03079 

0*20 

0-23895 

0*80 

0-01414 

0*30 

0*17980 

0*866 

0-00532 

0*40 

0*13021 


...\ 


The unit of distance, of which the first column of this table 
expresses fractional parts, is the distance at which such a 
telescope is capable of rendering just visible a star of average 
magnitude, or, as it is termed, its space-penetrating power. 
As we ascend therefore from the galactic plane into this 
kind of stellar atmosphere, vve perceive that the density of 
its parallel strata decreases with great rapidity. At an 
altitude above that plane equal to only one-twentieth of the 
telescopic limit, it has already diminished to one-half, and at an 
altitude of 0-866, to hardly more than one-two-hundredth of 
its amount in that plane. So far as we can perceive there is 
no flaw in this reasoning, if only it be gmntcd, 1st, that the level 
planes are continuous, and of equal density throughout; and, 
2dly, that an absolute and definite limit is set to telescopic vision. 
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beyond whicliy if stars exists they elude our siyhty and are to us 
as if they existed not : a postulate whose probability the reader 
will be in a better condition to estimate, when in possession 
of some otlier particulars respecting the constitution of tlie 
Galaxy to be described presently. 

(795.) A similar course of observation followed out in the 
southern hemisphere, leads independently to the same con- 
clusion as to the law of the visible distribution of stars over 
the southern galactic heinispherc, or that half of the celestial 
surface which has the south galactic pole for its center. A 
system of gauges, extending over the whole surface of that 
hemisphere taken with tlic same telescope, field of view and 
magnifying power employed in Sir William Herschel’s 
gauges, has afforded the average numbers of stars per field 
of 15' in diameter, witliin the areas of zones encircling that 
pole at intervals of 15^ set down in the following table. 


Zone‘< of Galactic South 
Polar Distance. 

0° to 15“ 

15 to 30 
30 to 45 
45 to 60 
60 to 75 
75 to 90 


Average Numlier of Stars 
per Field of 15'. 

6-05 

6*62 

9-08 

13-49 

26-29 

59-06 


(796.) These numbersare not directly comparable with those 
of M. Struve, given in Art. 793. because the latter corresponds 
to the limiting polar distances, while these arc the averages 
for the included zones. That eminent astronomer, however, 
has given a table of the average gauges appropriate to each 
degree of north galactic polar distance*, from which it is easy 
to calculate averages for the whole extent of each zone. 
How near a parallel the results of this calculation for the 
northern hemisphere exhibit with those above stated foi 
the southern, will be seen Jby the following table. 


* £tudc$ d'Astronomie Steliaire, p, 34, 
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Zones of Galactic North 
Polar Distance. 

0° to 15“ 

15 to 30 
30 to 45 
45 to 60 
60 to 75 
75 to 90 


Average Number of Stars 
per Field of 1 S' from 
M. Struve’s Table, 

4- 32 

5- 42 
8-21 

13*61 

24*09 

53-43 


It would appear from this that, with an almost exactly 
similar law of apparent density in the two hemispheres, the 
southern were somewhat richer in stars than the northern, 
whi(di may, and not improbably does arise, from our situa- 
tion not being jireciscly in the middle of its thickness, but 
Bomowliat nearer to its northern surface. 

(797.) When examined with powerful telescopes, the con- 
ptitiition of this wonderful zone is found to be no l{*SvS various 
tlian Its asiicct to tlie naked eve is irregulai’. In some regions 
the stars of ^vliicli it is wdiolly composinl are scattered with 
remarkable uniformity over immense tracts, wlule in others 
the irregularity of their distribution is (juite as striking, ex- 
hilviting a rapid succession of closely clustering rich patches 
separated by comparatively poor intervals, and indeed in some 
instances by spaces absolutely dark a?id completely void of any 
even of the smallest telescopic magnitude. In some 
places not more than 40 or oO stars on an average occur in a 
gauge” field of 15,\ while in others a similar average gives a 
result of 400 or 600. Nor is less variety observable in the 
character of its different regions in respect of the magnitudes 
of the stars they exhibit, and the proportional numbers of 
the larger and smaller magnitudes associated together, than 
in respect of tlieir aggregate numbers. In some, for instance, 
extremely minute stars, though never altogether wanting, 
occur in numbers so moderate as to lead us irresistibly to the 
conclusion that in these regions we see fairly through thife 
starry stratum, since it is impossible otherwise (supposing 
their light not intercepted) that the numbers of the smaller 
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magnitudes should not go on coiitluually increasing ad 
infinitum. In such cases moreover the ground of the heavens, 
as seen between the stars, is for the most part perh ctly da)*k, 
which again would not be the case, if innumerable multitudes 
of stars, too minute to lie individually discernible, existed be- 
yond. In other regions we are presented with the phieao- 
menon of an almost uniform degree of brightness of the 
individual stars, accompanied with a very even distribution 
of them over the ground of the heavens, both tlie larger and 
smaller magnitudes being strikingly deficient. In such cases 
it is equally impossible not to perceive that we are looking 
tkroiujh a slieet of stars nearly of a size, and of no great thick* 
ness compared witli the distance which separatcis them from us. 
\\'^ere it otherwise we should be driven to su])pose the more 
distant stars u/iiformly the larger, so as to compensate by 
their greater intrinsiii brightness for their greater distance, a 
supposition (•ontrary to all probability. In others again, and 
tliiit not inilVeqiuMitly, we are presented with a double plue- 
nonieijon of the same kind, viz. a tissue as it were of large sta i s 
spread over another of very small ones, the intermediate mag- 
nitudes being wanting. The conclusion here seems equally 
evident that in such cases we look through two sidereal sheets 
separated by a starless interval. 

(798.) Throughout by far the larger portion of the extent 
of the IMilky Way in both hemispheres, the general blackness 
of the ground of the heavens on which its stars are projected, 
and the absence of that innumerable multitude and excessivi* 
crowding of the smallest visible magnitudes, and of glare 
produced by the aggregate light of multitudes too small to 
aifect the eye singly, which the contrary supposition would 
appear to necessitate, must, we think, be considered ynequi- 
vocal indications that its dimensions* m directions where these 
conditions obtain^ are not only not infinite, but tiiat the space- 
penetrating power of our telescopes suffices fairly to pierce 
’through and beyond it. It is but right however to warn our 
readers that this conclusito has been controverted, and that 
by an authority not lightly to be put aside, on the ground of 
certain views taken by Olbers as to a defect of perfect tran»- 
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parency in the celestial spaces, in virtue of which the light of 
the more distant stars is enfeebled more than in proportion 
to their dTistahce. The extinction of light thus originating, 
proceeding in geometrical progression while the distance 
increases in arithmetical, a limit, it is argued, is placed to 
the space-penetrating powers of telescopes, far within that 
which distance alone apart from such obscuration would 
assign. It would lead us too far aside of the objects of a 
treatise of this nature to enter upon any discussion of the 
grounds (partly metaphyseal) on which these views rely. 
It must suffice here to observe that the objection alluded to, 
if applicable to any, is equally so to every part of the galaxy. 
We are not at liberty to argue that at one part of its circum- 
ference, our view is limited by this sort of cosmical veil which 
extinguishes the smaller magnitudes, cuts off the nebulous 
light of distant masses, and closes our view in impenetrable 
darkness ; while at another we are compelled by the clearest 
evidence telescopes can afford to believe that star-strown 
vistas lie ojjen^ exhausting their powers and stretching out be- 
yond their utmost reach, as is proved by that very phaenomenon 
which the existence of such a veil would render impossible, 
viz. infinite increase of number and diminution of magnitude, 
terminating in complete irresolvable nebulosity. Such is, in 
effect, the spectacle afforded by a very large portion of the 
Milky Way in that interesting region near its point of bifur- 
cation in Scorpio (arts. 789, 792.) where, through the hollows 
and deep recesses of its cornplicated structure we be- 
hold what has all the appearance of a wide and indefinitely 
prolonged area strewed over with discontinuous masses and 
clouds of stars which the telescope at length refuses to 
analyse^* Whatever other conclusions we may draw, this 
must any how be regarded as the direction of the gi*eatest 
linear extension of the ground-plan of the galaxy. And it 

♦ It would be doing groat injustice to the illustrious astronomer of Pulkova* 
(whose opinion, if we here seem to controvert, it is with the utmost possible 
deference and respect) not to mention that at the time of liis writing the re* 
markable essay already more than once cited, in which the views in question are 
delivered, he could not have been aware of the important facts allvded to in the 
text, the work in which they are described being then unpublished. 
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woiiU appear to follow, also, as a not less obvious consequence, 
that in those regions where that zone is clearly resolved into 
stars well separated and seen 'projected on a black (jramaU 
and where by consequence it is certain if the foregoing views 
be correct that we look out beyond them into space, t he smallest 
visible stars appear as such, not by reason of excessive distance, 
but of a real inferiority of size or bright n ess. • 

(799.) When we speak of the comparative remoteness of 
certain regions of the starry heavens beyond others, and of 
our own situation in them, the question immediately arises, 
what is the distance of the nearest fixed star? What is 
the scale on which our visible finnament is constructed? 
And what proportion do its dimensions bear to tliose of our 
own immediate system ? To these questions astronomy has 
at length been enabled to afford an answer. 

(800.) The diameter of the earth lias served us for the base 
of a triangle, in the trigonometrical survey of our system (art. 
274.), by whicli to calculate the distance of the sun ; but the 
extreme minuteness of the sun’s parallax (art. 357.) renders the 
calculation from this ‘^ill-conditioned” triangle (art. 275.) so 
delicate, that nothing but the fortunate combination of favour- 
able circumstances, afforded by the transits of Venus (art.479.), 
could render its results even tolerably Avorthy of reliance. But 
the earth’s diameter is too small a base for direct triangulation 
to the verge even of our own system (art. 526.), and Ave are, 
therefore, obliged to substitute the annual parallax for the 
diurnal, or, Avhich comes to the same tiling, to ground our 
calculation on the relative velocities of the earth and planets 
in their orbits (art. 486.), when Ave Avould push our triangn- 
lation to that extent. It might be naturally enough expected, 
that by this enlargement of our l)ase to the vast diarqeter of 
the earth’s orbit, the next step in, our survey («rt. 275.) 
would be made at a great advantage ; — that our change of 

• • Professor Loomis (Progress of Astronomy, 1S50, p. Hi.) with the 
0u*ts adduced before him, arrives at a contrary tonelusion.. Astrononjers will 
judge of the validity of his objectidh^ Prof. Argelander ( Astrori. Nachr. 99(>.) 
h is cited mein support of Gibers’ theury, in direct opposition to my own Opinion, 
ben.', (as T should iiave tbovgbr diitinclly enough,) recorded. 
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station, from side to side of it, would produce a considerable 
and easily measurable amount of annual parallax in the stars, 
and that by its means we sliould come to a knowledge of 
their distance. But, after exhausting every refinement of 
obaervation, astronomers were, up to a very late period, 
unable to come to any positive and coincident conclusion 
upon this head; and the amount of such parallax, even for 
the nearest fixed star examined with the requisite attention, 
remained mixed up with, and concealed among, tlie errors 
incidental to all astronomical determinations. The nature of 
these errors has been explained in the earlier part of this 
work, and we need not remind the reader of the difficulties 
which must necessarily attend the attempt to disentangle an 
element not exceeding a few tenths of a second or at most a 
'whole second from the host of uncertainties entailed on the 
results of observations by them: none of them individually 
perhaps of greater magnitude, but embarrassing by tlieir 
number and fluctuating amount. Nevertheless, by successive 
refinements in instrument making, and by constantly pro - 
gressive approximation to the exact knowledge of the IJrano- 
graphical corrections, that assurance had been obtained, even 
in the earlier years of the present centuiy, viz. that no stai- 
visible in northern latitudes, to Avhicli attention had been 
directed, manifested an amount of pai'allax exceeding a single 
second of arc. It is worth Avhile to pause Ibr a mom cat to 
consid(3r what conclusions would folio 5V from tlie admission of 
a parallax to tins amount. 

(801.) Itadiiis is to the sine of T" as 2002^5 to 1. In this 
proportion then must the distance of the fixed stars 

from the sun exceed that of the sun from the earth. Again, 
the latter distance, as we have already seen (art. 357. ), exceeds 
the earth's radius in the proportion of 23984 to 1. Taking 
therefore the earth’s radius for unity, a parallax of 1'' supposes 
a distance of 4947059760 or nearly five thousand millions of 
such units: and lastly, to descend to ordinary standards^ 
since the earth’s radius may be taken at 4000 of our miles, 
we find 19788239040000 or about twenty billions of miles 
for our resulting distimee. 

(802.) In such numbers the imagination is lost. The only 
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mode we have of conceiving such intervals at all is by 
the time which it would require for light to traverse 
them. Light, as we know (art. 545.), travels at the 
rate of a semidiameter of the earth’s orbit in 8'^^ 13®-3. 
It would, therefore, occupy 206205 times this interval 
or 3 yeax’s and 83 days to traverse the. distance in ques- 
tion, Now as this is an inferior limit which it is already 
ascertained that even the brightest and therefore pro- 
bably the nearest stars exceed, what are we to allow for 
the distance of those innumerable stars of the smaller mao;- 
nitudes which the telescope discloses to us ! What for the 
(iiinensions of the galaxy in wdiose remoter regions, as we 
have seen, the united lustre of myriads of* stai’s is per- 
ceptible only in pow^erful telescopes as a f eeble nebulous 
gleam ! 

(803.) The space-penetrating power of a telescope or the 
comparative distance to w'hich a given star would rerpiiro to be 
removed in order that it may appear of the same brightness in 
the telescope as before to the naked eye, may be calculated from 
the aperture of the telescope compared with that of the pupil 
of the eye, and from its reflecting or trajismittlng powder, i. e, 
the proportion of the incident liglit it conveys to the observer’s 
eye. Thus it has been computed that the space-penetrating 
power of such a reflector as that used in the star-gauges above 
referred to is expressed by the number 75. A star then of the 
sixth magnitude removed to 75 times its distance xvould still 
be perceptible as a sf:ar with that instrument, and admitting 
such a star to have 100th part of the light of a standard star 
of the first magnitude, it will follow that such a standard 
star, if removed to 750 times its distance, would excite in the 
eye, when viewed through the gauging tclescojje, the same 
impression as a star of the sixth magnitude does to Ijje naked 
eye. Among the infinite multitude of such stars in the 
remoter regions of the galaxy, it is but fair to conclude that 
innumerable individuals equal in intrinsic l>riglitn(?s3 to those 
which immediately suiTound us must exist. The light of 
such stars then must have occupied upwards of 2000 years 
in traveiling over the distance which separates them from 
o\ir own system. It follows then that wdien we observe the 
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plsiccvs and note the appearances of such stars, we are only 
reading their history of two thousand years’ anterior date 
thus wonderfully recorded. We cannot escape this conclusion 
but by adopting as an alternative an intrinsic inferiority of 
light in all the smaller stars of the galaxy. We shall be 
better able to estimate the probability of this alternative 
when we shall have made acquaintance with other sidereal 
systems whose existence the telescope discloses to us^ and 
whose analogy will satisfy us that the view of the subject 
here taken is in perfect hannony with the general tenor of 
astronomical facts. 

(804.) Hitherto w^e have spoken of a parallax of 1" as a 
mere limit below which that of any star yet examined as- 
suredly, or at least very probably falls, and it is not without 
a certain convenience to regard this amount of parallax as a 
sort of unit of reference, which, connected in the reader’s 
recollection with a parallactic unit of distance from our system 
of 20 billions of miles, and with a year’s journey of light, 
may save him the trouble of such calculations, and ourselves 
the necessity of covering our pages with such enormous 
numbers, when speaking of stars whose parallax has actually 
been ascertained with some approach to certainty, either by 
direct meridian observation or by more refined and delicate 
methods. These we shall proceed to explain, after first 
pointing out the theoretical peculiarities which enable us to 
separate and disentangle its effects from those of the Urano- 
graphical corrections, and from other causes of error which 
being periodical in their nature add greatly to the difficulty 
of the subject. The effects of precession and proper motion 
(see art. 852.) which are uniformly progressive from year to 
year, and that of nutation which i*uns through its period in 
nineteent years, it is obvious enough, separate themselves at 
once by these characters from that of parallax ; and, being 
known with very great precision, and being certainly in- 
dependent, as regards their causes, of any individual pecu- 
liarity in the stars affected by them, whatever small uncer- 
tainty may remain respecting the numerical elements which 
enter into their computation (or in mathematical .language 
their co^efficients), can give rise to no embarraBsment. With 
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rtigard to aberration the case is materially different. This 
correction affects the place of a star by a fluctuation annual 
in its period, and therefore, so far, agreeing with parallax. 
It is also very similar in the law of its variation at different 
seasons of the year, parallax having for its apex (see art. 
343, 344.) the apparent place of the sun in the ecliptic, and 
aberration a point in the same great circle 90° behind that 
place, so that in fact the formulae of calculation (the co- 
efficients excepted) are the same for both, substituting only 
for the suit’s longitude in the expression for the one, that 
longitude diminished by 90° for the other. Moreover, in the 
absence of absolute ceriamty respecting the nature of the 
propagation of light, astronomers have hitherto considered it 
necessary to assume at least as a possibility that the velocity 
of light may be to some slight amount dependent on in- 
dividual peculiarities in the body emitting it. * 

(805.) If we suppose a line drawn from the star to the 
earth at all seasons of the year, it is evident that this line 
will sweep over the surface of an exceedingly acute, oblique 
cone, having for its axis the line joining the sun and star, and 
for its base the earth’s annual orbit, which, for the present 
purpose, we may suppose circular. The star will therefore 
appear to describe each year about its mean place regarded 
as fixed, and in virtue of parallax alone, a minute ellipse, 
the section of this cone by the surface of the celestial sphere, 
perpendicular to the visual ray. But there is also another 
way in which the same fact may be representeiL Tlie aj)- 
parent orbit of the star about its mean place as a center, will 
be precisely that which it would appear to describe, if seen irorn 
the sun, supposing it really revolved about that place in a 
circle exactly equal to the earth’s annual orbit, in a plane 
parallel to the ecliptic. This is evident from the •equality 
and parallelism of the lines and directions concerned. JMow 
the effect of aben*ation (disregarding the slight variation of 

• In the actual state of astronomy and photology this necessity can hardly 
he considered as still existing, aqd it is desirable, therefore, that the practice of 
astronomers of introducing an unknown correction for tlic constant of aberration 
into their “eejuations of condition ’* for the determination of parallax, should be 
disused, sin<%e it actually lends to introduce error into the hnal result. 



586 


OUTLINES or astkono:my. 


the earth’s velocity in different parts of* its orbit) is j>reclsely 
t^imilar in law, and differs only in amount, and in its bearing 
reference to a direction different In longitude. Suppose, 
in order to fix our ideas, the maximum of parallax to be 1/' 
and that of aberration 20- 5", and let A B, a b, be two circles 
imagined to be described separately, as above, by the star 
about its mean place S, in virtue of these two causes respec- 
tively, S T being a line parallel to that of the line of equi- 
noxes. Then if in virtue of parallax alone, the star would 
be found at a in the smaller orbit, it would in virtue of 
aberration alone be found at A, in the larger, the angle aSA 
being a right angle. Drawing then A C equal and parallel 
to S«, and joining SC, it will in virtue of both simulta- 
neously be found in C, i, c. in the circumference of a circle 
whose radius is S C, and at a point in that circle, in advance 
of A, the aberrational place, by the angle A S C. Now since 
S A : AC :: 20*5 : 1, we find for the angle A SC 2^ 47' 35'^ 



and for the length of the radius S C of the circle representing 
the compound motion 20''*524. The difference (0''’024) 
betweerf this and S C, the radius of the aberration circle, is 
quite imperceptible, and even supposing a quantity so minute 
to be capable of detection by a prolonged series of observa- 
tions, it would remain a qucvstion whether it were produced 
by parallax or by a specific diflerenpe of aberration from the 
general average 20''*5 in the star itself. It is therefore to 
the difference of 2^ 48' between the angular situation of the 
displaced star in this hypothetical orbit, ?*. e. in the ar^y)yifnU 
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(as they are called) of the joint correction (TSC) and that 
ot‘ aberration alone ( T S A), that we have to look for the re- 
poiution of the problem of pai-allax, U'he reader may easily 
figure to himself the delicacy of an inquiry which turns 
wholly (even when stripped of all its other difficulties) on 
the precise determination of a quantity of this nature, and 
of such very moderate magnitude. 

(806.) ihit these other difficulties themselves are of no trifling 
order. All astronomical instruments arc affected by differences 
of temperatm^e. Not only do the materials of which they are 
composed expand and contract, but the masonry and solid piers 
on which they are erected, nay even the very soil on which 
these are founded, participate in the general cliange from suin- 
rner warmth t(.) winter cold. Hence arise slow oscillatory 
movements of exceedingly minute amount, which levels and 
plumblines aflbrd l)ut very inadequate means of detecting, 
and which beinfj also annual in their period (after rejecting 
whatever is merely casual and momentary) mix themselves 
intimately with the matter of our inquiry, llefraction too. 
besides its casual variations Irorn night to night, which a long 
series of observations would eliminate, depends for its theo- 
retical exju'cssion on the constitution of the strata of our 
atmosphere, and the law of the distribution of heat and 
moisture at dilferent elevations, which cannot he uiiaiiccted 
by difference of season. No Avonder then that mere meri- 
dional observations should, almost up to the present time, havi^ 
proved insufllcient, exce[>t in one very remarkable instance, 
to afford umjiu-stionahle evidence, and satisfactory (|Liantlta- 
tive measurement of the parallax of any fixed star. 

(807.) "fhe instance referred to is that of a Centauri, one 
of the brightest and for many other reasons, one of the most 
remarkable of the southern stars. From a series (if oljserva- 
tions of this star, made at the Jh>yal Observatory of the Cape 
of Good Hope in the years 1832 and 1833, by Professor 
Henderson, with the mural circle of that establishment, a 
parallax to the amount ^of an entire second was concluded on 
his reduction of the ol)Scrvatlons in question after his return 
to England. SuV^sequent observations by Mr. Maclear, 
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partly with the same, and partly with a new and far more 
efficiently constructed instmment of the same description 
made in the years 1839 and 1840, have fully confirmed the 
reality of the parallax indicated by Professor Henderson’s ob 
servations, though with a slight diminution in its concluded 
amount, which comes out equal to 0"*9128 or about |yths of 
a second ; bru/ht stars in its immediate ncufhbourhood bring 
unaffected by a similar periodical displacement and thus 
affording satisfactory proof that the displacement indicated in 
the case of the star in question is not merely a result of annual 
variations of temperature. As it is impossible at present to 
answer for so minute a quantity as that by which this rcvsult 
differs from an exact second, we may consider the distance of 
this star as ap])roximately expressed by the parallactic unit 
of distance referred to in art. 804. 

(808.) A short time previous to the j)ublicatiou * of this 
important result, the detection of a sensible and measurable 
amount of parallax in the star 61 Cygni of Flamsteed’s 
catalogue of stars was announced by the celebrated astro- 
nomer of Konigsberg, the late M. Bessel.f This is a 
small and inconspicuous star, hardly exceeding the sixth 
magnitude, but which had been pointed out for especial ob- 
servation by the remarkable circumstance of its being affected 
by a proper motion (sec art. 852.), i, e, a regular and continu- 
ally progressive annual displacement among the surrounding 
stars to the extent of more than 5" per annum, a quantity so 
very much exceeding the average of similar minute annua] 
displacements which many other stars exhibit, as to lead to a 
suspicion of its being acloially nearer to our system. It is 
not a little remarkable that a similar presumption of proxi- 
mity exists also in the case of a Centauri, whose unusually 
large proper motion of nearly 4" per annum is stated by 
Professor Henderson to have been the motive which induced 
him to subject his observations of that star to that severe dis- 
cussion which led to the detection of its parallax. M. 

« 

♦ Prof ITendorson’s paper was read before the Astronomical Society o/ 
Jan, 3. 183{). It bears date Dec, 2*1. 1838, 

I Astronomisclic Naclirichtcn, Nos. 30.5, 366'. Dec. 13. 1838, 
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Bessel’s observations of 61 Cygni were commenced in August 
1837, immediately uu the establishment at the Koiiigsberg 
observatory of a magnificent heliometer, the workmanship 
of the celebrated optician Fraunhofer, of Munich, an instru- 
ment especially fitted for the system of observation adopted ; 
which being totally different from that of direct meridional 
observation, more refined in its conception, and susceptible of 
fur greater accuracy in its practical application, we must now 
explain. 

(809.) Parallax, proper motion, and specific abermtion 
(denoting by the latter phrase that part of the aberration of 
a star’s light which may be supposed to arise from its indi- 
vidual peculiarities, and which we have every reason to believe 
at all events an exceedingly minute fraction of the whole,) 
arc the only u ran ograpl deal corrections which do not neces- 
sarily affect alike the apparent places of two stars situated in, 
or very nearly in, the same visual line. Supposing then two 
stars at an immense distance, the one behind the other, but 
otherwise so situated as to appear very nearly along the same 
visual line, they will constitute what is called a star optically 
double, to distinguish it from a star physically double, of which 
more hereafter. Aberration (that which is common to all 
stars), precession, nutation, nay, even refraction, and instru-- 
mental causes of apparent displacement, ivill affect them alike, 
or so very nearly alike (if the minute difference of their 
apparent places be taken into account) as to admit of the 
difference being neglected, or very accurately allowed for, 
by an easy calculation. If then, instead of attempting to 
determine by observation the place of the nearer of two very 
unequal stars (which will probably be the larger) by direct 
observation of its right ascension and polar distance^ we 
content ourselves with referring its place to that of il« remoter 
and smaller companion by differential observation, i, e. by 
measuring only its difference of situation from the latter, we 
axe at once relieved of the necessity of making these cor- 
rections, and from all iinceidainty as to tlieir influence on the 
result. And for the very same reason, ei rors of adjustment 
(art 136^), of graduation, and a host of instrumental errors, 
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which would for tills delicate purpose fatally affect the 
absolute determination of either star’s place, are harmless 
when only tlie difference of their places, each equally affected 
by such causes, is required to be known. 

(810.) Throwbio; aside therefore the consideration of all 
these errors and corrections, and disregarding for the present 



the minute effect of specific aberration and the uniformly pro- 
gressive effect of proper motion, let us trace the effect of the 
difrercnccs of tlie jiarallaxes of two stars thus juxtaposed, or 
tlieir aj)pareiit i clatlve distance and position at various seasons 
of the year. JS'oav the parallax being Irn ersely as the distance, 
the dimei^ioiis oi‘ the small ellipses apparently described 
(art. 80o. ) by each star on the concave surface of the heavens 
by parallactic displacement will differ, — the nearer star 
describing tlic larger ellipse. But both stars lying very 
nearly in vJic same direction from the sun, these ellipses will 
lie similar and similarly situated. Suppose S and s to be the 
positions of tlie two stars as .seen from the sun, and let 
A B C I), ahed^ be their parallactic ellipses; then, since 
they av ill be at all times similarly situated in these ellipses, 
wlien th(5 one star is seen at A, the other will be seen at a. 
When the earth has made a quarter of a revolution in its 
orbit, their apjiarent places w ill be B h ; w hen another 
<piarter, C c ; and when anotlicr, D d. If, then, we metisure 
carelully, with micrometers adapted for the purpose, their 
apparent situation with respect to each other, at different 
times of the year, wc should perceive a periodical change^ 

/ 
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both in the direction of the line joining them, and in tlio 
distance between their centers. For the lines A a and C e 
cannot l»e parallel, nor the lines 1> u and 1) d equal, unless 
the ellipses be of equal dimensions, L e. unless the two 
stars have the same parallax, or are equidistant from tlie 
earth. 

(811.) Now, nvicromcters, properly mounted, enable us 
to measure very exactly both the distance between two 
objects which can be seen togotlier in tlio same held of a 
telescope, and the i)ositIon of the line joining them nvith 
respect to the horizon, or the meridian, or any other deter- 
minate direction in the heavens, dcniblc iinage micro- 

meter, and especially the liclionieter (art. 200, 201.) is 
peculiarly adapted for this purpose. The images of the two 
stars formed side l)y side, or in tlic same line prolonged, 
however momentarily disj)Iaccd by temporary refraction or 
instrumental tremor, moce toyether^ preserving* their relative 
situation, the judginent of* which is no way disturbed by such 
irregular iuo\'emeiits. 'Flic hcliometer also, taking in a 
greater range than ordinary micromettu’s, enal>les us to com- 
pare one large star Avith more than one adjacent small one, 
and to select sucli of the latter among many near it, as shall 
bo most favourably situated for tlie detection of any motion 
in the large one, not participated in by its neighbours. 

(812.) The star examined by Bessel has two kich neigh- 
bours, both very miuiite, and theiT.fore probably very distant, 
most favourably situated, the one (s) at a distance of 7' 42^', 
the other (. 9 ') at IF 46'' from the large star, and so situated, 
that their directions from that star make nearly a right angle 
with each other. Tlio effect of [larallax tlierefore would 
necessarily cause the two distances S s and S s' to vary so 
as to attain their maximum and rninimnm values iilternately 
at three-monthly intervals, and This is what was actually 
observed to take place, the one distance being always most 
rapidly on the increase or decrease Avhen the other was 
stationary (the uniform^ effect of proper motion being under- 
stood of course to be always duly accounted for). This 
alternation, though so small in amount as to indicate, as a firuil 
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result, a parallax, or rather a difference of j^arallaxes between 
the large and small stars of hardly more than one third of a 
second, was maintained with such regularity as to leave no 
room for reasonable doubt as to its cause, and having been 
confirmed by the further continuance of these observations, 
and quite recently by the exact coincidence between the result 
thus obtained, and that deduced by M. Peters from obser- 
vations of the same star at the observatory of Pulkova*, is 
considered on all hands as fully established. The parallax 
of this star finally resulting from Bessel’s observation is 0"’343 
so that its distance from our system is very nearly three 
parallactic units. (Art. 804.) 

(813.) The bright star a Lyrie has also near it, at only 
43'' distance (and therefoi’e within the reach of the parallel 
wire or ordinary double image micrometer) a very minute 
star, which has been subjected since 1835 to a severe and 
assiduous scrutiny by M. Struve, on the same principle of 
(referential observation. He has thus established the exis- 
tence of a measurable amount of parallax in the large star, 
less indeed tlian that of 61 Cygni (being only about ^ of 
a second), but yet sufficient (such was tlie delicacy of his 
measurements) to justify this excellent observer in announcing 
the result as at least highly probable, on the strength of only 
five nights’ observation, in 1835 and 1836. This probability, 
the continuation of the measures to the end of 1838 and the 
corroborative, though not in tliis case precisely coincident, 
result of Mr. Peters’s invcistigations have converted into a 
certainty, M. Struve has the merit of being the first to bring 
into practical application this method of observation, which, 
though proposed for the purpose, and its great advantages 
pointed out by Sir William Herschel so early as 1781 f, 
remained dong unproductive of any result, owing partly to 
the imperfection of microineters for the measurement of 

• With the great vertical circle by Ertel. 

t ft has been referred even to Galileo. But the general explanation of 
Parallax in the Systenm Cosmicum, Dial. iii. 271 (Leyden edit. 1699) to 
which the reference applies, does not touch any of the peculiar features of the 
case, or meet any of its difficiilties. 
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distance, and partly to a reason which we shall presently 
have occasion to refer to. 

(814.) If the component individuals S, s (j%r. art. 8 10.) 
be (as is often the case) very close to each other, the pa* 
rallactic variation of their a7iffl€ of position^ or the extreme 
angle included between the lines A C e, may be very con- 
siderable, even for a small amount of difference of paral- 
laxes between the large and small stars. For instance in 
the case of two adjacent stars 15''' asunder, and otherwise 
favourably situated for observation, an annusd fluctuation to 
and fro in the apparent direction ‘of their line of junction to 
the extent of half a degree (a quantity which coul<l not 
escape notice in the means of numerous and careful measure- 
ments) would correspond to a difference of parallax of only 
^ of a second. A difference of 1" between two star's appa- 
rently situated at 5" distance might cause an oscillation in 
that line to the extent of no less than 11°, and if nearer one 
proportionally still greater. This mode of observation has 
biion applied to a considerable number of stars by Lord 
Wrottesley, and with such an amount of success, as to malce 
its fui'ther application desirable. (Phil. Trans. 1851. *') 

(815.) The following are some of the principal fixed stars 
to which parallax has been up to the present time more or 
less probably assigned : 

a Centauri - 0'976 (Henderson, corrected by Peters.) 

61 Cygni - - 0*3*18 (Bessel.) 

Balaiide *21258 0 260 (Kriiger.) 

Oehzeii- 17415-6 0*247 (Kriigcr.) 

a Lyra' - » 0*155 (W. Struve, corrected by O. Struve.) 

Siriii.s - - 0*1.50 (Henderson, corrected by Peters. ) 

70 p Ophiuchi - 0*16 (Kriiger.) 

i Ursae Majoris 0*I.3S (Peters.) 

A returns - 0*127 ditto 

Polaris - - 0*067 ditto 

Capella. - 0046 ditto 

Although the extreme minutenesss of the last four •of these 
results deprives them of much numerical reliance, it is at 
least certain that the pa,rallaxes by no means follow tbe order 
of mairnitudes, and this is farther shown bv the fact that a 
Cygni, one of M. Peters’s stars, shows absolutely no indica- 
tions of any measurable parallax whatever. 

• See Phil. Trans. 1826. p. 266, at and 1827, for a list of stars well 
adapted for sucVi observation, with the times of the year mo:»l favourable. - The 
list in Phil. Trans. 1826, is incorrect. 

QQ 
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(816.) From the distance of the stars we are naturally led 
to the consklerution of their real magnitudes. Hut here a 
difficulty arises, wliich, so far as we can judge of what optical 
instruments are capable of effecting, must always remain 
insuperable. Telescopes afford us only negative information 
as to the apparent angular diameter of any star. The round, 
welhdefined, planetary discs which good tclescropes slanv 
when turned upon any of the brighter stars are phieiioniena 
of diffractu)n, dependent, though at present somewliat enig- 
matically, on the mutual interference of the rays of light. 
They are consequently, so far as this inquiry is concerned, 
mere 0[)ticai illusions, and have therefore been termed spurious 
discs. The proof of this is that telesco|)cs of different aper- 
turves and magnifying powers, when applied for the purpose 
of measuring their angular diameters, give different results, the 
greater aperture (even with tlie same magnifying power) 
giving the smaller disc. That the true disc of even a largo 
and bright star can have but a very minute angular measure, 
appears from the fact that in the occultation of such a star 
by the moon, its extinction is absolutely iristautaneous^ 
smallest trace of gradual diminution of liglit being perceptible. 
The apparent or spurious disc also remains perfectly round and 
of its full size up to the instant of disappearance, which could 
not be the case Avere it a real object. If our sun were 
removed to the distance expressed by our parallactic unit 
(art. 804.), its apparent diameter of 32' l/'*5 would be reduced 
to only 0''*()093, or less than the hundredth of a second, a 
quantity which we have not the smallest reason to hope any 
practical improvement in telescopes will ever show as an 
object having distinguishable /brm. 

(817.) d'here remains therefore only the indication which the 
quantity) of light they send to us may afford. J3ut here again 
another difficulty besets us. The light of the sun is so im- 
mensely suj)erior in intensity to that of any star, that it is 
impracticable to obtain any direct comparison between them. , 
But by using the moon as an intermediate term of comparison 
it may be done, not indeed with much precision, but sufficiently 
well to satisfy in some degree our curiosity on thg subject. 
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Now a Ceiitauri has been directly compared with the moon by 
the method explained in Art. 783. By a mean of eleven such 
comparisons made in various states of the moon^ duly reduced 
and making the proper allowance on photometric principles 
for the moon’s light lost by transmission througli tlie lens and 
prism, it appears that the mean quantity of liglit sent to the 
earth by a full moon exceeds that sent by a Centauri in the 
proportion of 27408 to 1. Now Wollaston, by a method 
apparently unobjectionable, found * the proportion of the 
sun’s light to that of tlie full moon to be that of 801072 to 1. 
Combining these results, we find the light sent us by tiie sun 
to be to that sent by a Centauri as 21,955,000,000, or about 
twenty-two thousand millions to 1. Hence from the parallax 
assigned above to that star, it is easy to conclude that its 
intrinsic splendour, as compared with that of our sun at equal 
distances, is 2*3247, that of the sun being unity.f 

(818.) The light of Sirius is four times that of a Centauri, 
and its parallax only O'^'IS. (Art. 230.) This in effect 
ascribes to it an intrinsic splendour equal to 169*35 times that 
of a Centauri, and therefore 393*7 times that of our sun. J 

* Wollaston, Phil. Trans. 18ti9. y). S?7. 

t ResuUa of AstronomicaL Observations at the Cape of Good liopty §*c. Art. 278, 
p. 363. If only the results obtained near the ejuadratures of the moon (which 
is the situatit)!! most favourable to exactness) be used, the resulting value of the 
intrinsic light of the star (the sun being unity) is 4 1586. On the other 
hand, if only those procured near the full moon (the worst time for observation) 
be employed, the result is 1 *1017- Discordances of this kind will startle no one 
conversant with Pliotometry. That a Centauri really emits more light than 
our sun must, we conceive, he regarded as an cstabiished fact. To those who 
may refer to the work cited it is necessary to mention that the quantity there 
designated by M, expresses, on the scale there adopted, 500 times the actual 
illuminating power of the moon at the time of ubservarion, that of the mean 
full moon being unity, 

f See the w’ork above cited, p. 367 Wollaston makes the light of Sirius one 

20,000-millionfh of the sou’s. Steinlioil by a vi ry uncertain methfKi found (•’>« 
(3286*500)’* X AT.?n.rus. 
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CHAPTEB XVL 

TARUBLE AND PERIODICAL STARS. — LIST OF THOSE AI.UEADV 
KNOWN. — IRREGULARITIES IN THEIR PERIODS AND LUSTRE WHEN 

BRIGHTEST. IRREGULAR AND TEMPORARY STARS. ANCIENT 

CniNKSE RECORDS OF SEVERAL. — MISSING STARS. — DOUBLE STARS. 
— THEIR CLASSIFICATION. — SPECIMENS OP EACH CLASS. — BINARY 

SYSTEMS. — REVOLUTION ROUND EACH OTHER. DESCRIBE EL* 

LIPTIC ORBITS UNDER THE NEWTONIAN LAW OF GRAVITY. — ELE- 
MENTS OF ORBITS OF SEVERAL. ACTUAL DIMENSIONS OP THEIR 

ORBITS. — COLOURED DOUBLE STARS. PHA2N031EN0N OF COMPLE- 

MENTARY COLOURS. — SANGUINE STARS. — PROPER MOTION OF THE 
STARS. — PARTLY ACCOUNTED FOR BY A REAL MOTION OF THE 
SUN. — SITUATION OF THE SOLAR APEX. — AGREEMENT OF SOUTH- 
ERN AND NOPvTHERN STARS IN GIVING THE SAME RESULT. — PRIN- 
CIPLES ON WHICH THE INVESTIGATION OF THE SOLAR MOTION 
DEPENDS. — ABSOLUTE VELOCITY OF THE SUN’s MOTION. SUP- 

POSED REVOLUTION OF THE WHOLE SIDEREAL SYSTEM ROUND A 
COMMON CENTER. — SYSTEMATIC PARALLAX AND ABERRATION. — 
EFFECT OF THE MOTION OF LIGHT IN ALTERING THE APPARENT 
PERIOD OF A BINARY STAR. 

s^819.) Now, for what purpose are we to suppose such 
magnificent bodies scattered through the abysvS of space? 
Surely not to illuminate our nights, which an additional moon 
of the thousandth part of the size of our own would do much 
better, nor to sparkle as a pageant void of meaning and rea- 
lity, and bewilder us among vain conjectures. Useful, it is 
ti’ue, they are to man as points of exact and permanent 
referen^ie ; but he must have studied astronomy to little 
purpose, who can suppose man to be the only object of his 
Creators care, or who does not see in the vast and wonderful 
apparatus around us provision for other races of animated 
beings. The planets, as we have s^en, derive their light. from 
the sun ; but that cannot be the case with the stars. These 
doubtless, then, are themselves suns, and may, perhaps, each 
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iii its sphere, be the presiding center round which otlier 
planets, or bodies of which we can form no conception from 
any analogy offered by our own system, may be circulating. 

(820,) Analogies, however, more than conjectural, are not 
w anting to indicate a correspondence between the dynamical 
laws wliich prevailin the remote regions of the stars and those 
wdiich govern the motions of our own system. Wherever we 
can tra(ie the law of periodicity — the regular recurrence of 
the same pliienomena in the same times — we are strongly 
impressed wutli the idea of rotatory or orbitual motion. 
Among the stars are several which, though no way distin- 
guishable from others by any apparent change of place, nor 
by any difference of appearance in telescopes, yet undergo 
a more or less regular periodical increase and diminution of 
lustre, involving in one or two cases a complete extinction 
and revival, lliese are called periodical stars. The longest 
kiiowu and one of the most remarkable is the star Omicron^ 
in the constellation Cetus (sometimes called Mira Ceti), which 
was first noticed as variable by Fabrlcins in 1/596. It ap- 
pears about twelve times in eleven years, or more exactly in 
a period of 331^ 8^' 4'" 16®; remains at its greatest bright- 
ness about a fortnight, being then on some occasions equal 
to a large star of the second magnitude ; decreases during 
about tliree months, till it becomes completely invisible to 
the naked eye, in which state it remains about five months ; 
and continues increasing during the remainder of its period. 
Such is the general course of its phases. It does not ahvays 
however return to the same degree of brightness, nor increase 
and diminish by the same gradations, neither are the successive 
intervals of its maxima equal. From the recent observations 
and inquiries into its history by M. Argelandcr, the mean 
period above assigned would appear to bo subjeevt to a Cyclical 
fluctuation embracing eighty-eight such periods, and having 
the effect of gradually lengthening and shortening alternately 
-those intervals to the extent of twenty-five days one way and 
the other.* The irregul^irities in the degree of brightness 
attained at the maximum are probably also periodicaL 


• Asironom. Nachr. No, fS2i. 
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Hevelius relates* that during the four years between October 
1672 and December 1676 it did not appear at all. It was 
unusually bright on October 5. 1839 (the epoch of it-s maxi- 
mum for that year according to M. Argelander’s observations) 
when it exceeded a Ceti and equalled Aurigae in lustre. 
When near its minimum its colour changes from white to a 
full red. 

(821.) Another very remarkable periodical star is that 
called Algol, or ^ Persei. It is usually visible as a star of 
the second magnitude, and such it continues for the space 
of 2'^ 13^^, when it suddenly begins to diminish in splendour, 
and in about 3^ hours is reduced to the fourth magnitude, at 
which it continues about 15“. It then begins again to in- 
crease, and in 3^ hours more is restored to its usual brightness, 
going through all its changes in 2 ^ 20*' 48*“ 54®'7. This re- 
markahle law of variation certainly appears strongly to 
suggest the revolution round it of some opaque body, 
when interposed between us and Algol, cuts off a largo 
portion of its llglit ; and this is accordingly the view taken of 
the matter by G{)odricke, to whom we owe the discovery of 
this remarkable fact t? voar 1782 ; since which time 

the same phajnomena have continued to be observed, but with 
this rcmarkal)lc additional point of interest; viz. that the 
more recent observations as compared with the earlier ones 
indicate a diminution in the periodic time. Tlie latest ob- 
servations of Argelander, Heis, and Schmidt, even go to prove 
that this diminution is not uniformly progressive, but is ac- 
tually proceeding with accelerated rapidity, which however 
will probably not continue, but, like other cyclical combina- 
tions in astronomy, will by degrees relax, and then be 
changed into an increase, according to laws of periodicity 

t 

* 

• Lalande’s, Astronomy, Art, 794. 

f 'I’lie saimj iliscovery appears to have been made nearly about the same time 
V»v Palitzch, a fanuer of' Proihz, near Dresden, — a peasant by station, an astro- 
nomer by nature, — wlio, from his familiar acquaintance with the aspect of the 
heavens, liad been led to notice among so many thousand stars this one as dis- 
tinguished from the rest by its variation, arulchad ascertained its period. The 
same Paiitzcli was also the first to re-discover the predicted comet of Halley i» 
1759, which he saw nearly a month before any of the astronomers, who, armed 
with their telescopes, were anxiously watching its return. Trtese anecdotes 
carry us hack ‘o the era of the Chaldean shepherds. MoiUanari in ]f>69, and 
jiarahii in UT9 had already noticed a fUiciuuttun of brightness in Algol. 
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which, as well as their causes, remain to be discovered. The 
first minirauni of this star in the year 1844 occurred on Jan. 
3, at 4^^ 14“ Greenwich mean time.* 

(822). The star S in the coiisteliation Cepheus is also sub- 
ject to periodical variations, which, from the epoch of its first 
observation by Goodricke in 1784 to the present time, have 
been continued with perfect regularity. Its period from 
minimum to minimum is 5'* 8'* 47“ 39‘'*5, the first or epochal 
minimum for 1849 falling on Jan. 2. 13“ 37® M. T. at 

Greenwich. The extent of its variation is from the fifth to 
between the third and fourth magnitudes. Its increase is^ 
more rjipid tlian its diminution, the interval between the; 
minimum and maximum of its light being only 14^’, while \ 
that from the maximum to the rninimum is 3^ 19*\ 

(823.) Tlie periodical star f3 Lyne, discovered by Good- 
rieke also in 1784, has a period which has been usually stated 
at from 6*^ 9^ to 6*^ 11^^, and there is no doul)t that in about 
this interval of time its light undergoes a remarkable diminu- 
tion and recovery. The more accurate observations of iVL 
Argelander however have led him to conclude f the true 
period to be 12^ 21^ 53“ 10®, and that in this period a double 
maximum and minimum takes place, the two maxima being 
nearly equal and both about the 3*4 magnitude, but the 
minima considerably unequal, viz. 4*3 and 4*5m. In addition 
to this curious subdivision of the whole interval of change 
into two semi-periods, we are presented in the case o£ 
this star with another instance of slow olteriition of j)eriod, 
which has all the appearance of being itself periodical. From 
the epoch of its discovery in 1784 to the year 1840 the period 
was continually lengthening, but more and more slowly, 
till at the last-mentioned epoch it ceased to increase, and luia 
since been slowly on the decrease. As an epock for the 
least or absolute minimum of this star, IVL Aigelan,. lev’s cal- 
culations enable us to assign 1840 January 3*^ 0*' 9“ 53® 

G. M. 1\ 


• Ast. Nach. Na.47«. 

t Astron. Nachr, No. 624. See also the valuable papers by this exoellent 
!istronomer*m A. N. Nos. 417, 455, &c. 
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(824.) The following list comprises moat of the variiible 
stars at present known : — 


Star. 

R.A. 

1 

■ N. V. D. 

Magn, 

Period, 

Days. 

Discovered by 

1860. 

18oU. 

Max. 

Min. 

T?Pisc. - 

h m 

0 24 

76° 23' 

9*5 

11 

242 P 

Luther, 1855. 

a Cass. - 

0 32 

34 

17 

2 

2-5 

79*1 

Birt, 1831. 

S ? Pise. - 

1 

10 

81 

51 

9 

is 

- 

Hind, 1851. 

K ? Pise, - 

1 

23 

87 

54 

7-5 

9*5 

343 

Hind, 1850. 

0 Ceti - 

2 

12 

93 40 

2 

12 

331*336 

Fabricius, 1596. 

$ Pers. - 

2 .58 

49 

38 

2*3 

4*5 

2*8673 

Goodrickc, 1782. 

A Paiir. - 

3 ,52 

77 

56 

4 

.5 4 

4.dk 

Baxendell, 1848. 

K ? Tanr. - 

4 20 

80 

10 

8 

13*5 

- 

Hind, 1849. 

S ? '^Paur. - 

4 22 

80 22 

8*0 

12*5 

257 


H ? Oi io. - 

4 51 

82 

6 

9 

12-5 

237 ? 

Hind, 1848. 

« Anri. - 

4 

51 

46 24 

3 

4 

250 + 

Heis, 1846. 


4 53 

105 

2 

7 

- 


Schmidt, 1855 | 

a Orio, - 

6 47 

82 

38 

1 

1*5 

• 

J. Ilerschcl, 1836. i 

f Gemi. - 

6 55 

69 

13 

3 7 

4*5 

10 15 

Schmidt, 1847, i 

R ? GciDi.- 

6 58 

67 

4 

7 

11 

370 

Hind, 1848. 

li ? Can. m. 

7 

0 

79 44 

8 


- 

Argelander, 1854. ' 

S? Can.w. 

7 

25 

81 

22 

8*1 

- 

- 

Hind, 1856. j 

S ? Genii. - 

7 

34 

66 

12 

9 

13*5 

295 

Hind, 1848. 

'1' ? Gemi. « 

7 40 

65 

54 

9 

13*5 

287 

Hind, 1848. 

U ? Gerni. - 

7 

46 

67 

37 

9 

13 .5 

100 ? 

Hind, 185.5, 

K ? Cane. - 

8 

8 

77 

51 

6 

10 

.3 SO 

Sell word, 1829. 

S ? Cane, - 

8 35 

70 25 

8 

10-.5 

9-484 

Hind, 1848. 

S? llych - 

1 8 

46 

86 22 

8 5 


260 

Hind, 1848. 

8 48 

69 35 

8*5 


- 

Hind, 1850. 

T? llyd. - 

8 49 

98 39 

8-5 


240 + 

Hind, 1851. 

a Hyd. • 

9 20 

98 

0 

2*5 

3 

55* 

J. Herschel, 1837. 

ti Isi;on. - 

9 21 

81 101 

6 

0 

78 

Smyth, — ? 

4* Leon. - 

9 

36 

75 

18 

6 

0 

Long. 

Montanari, 1667. 

P. ? Leon. ~ 

9 39 

77 

53 

5 

10 

313 ? 

Koch, 1782. 

R ? Urs. M. 

10 34 

20 26 

7-5 

13 

30P35 

Pogson, 1853. 

7} Argus - 

10 39 

148 

.54 

1 

4 

46 years ? 

Burchcll, 1823. 

a Urs. M. 

10 54 

27 26 

1-5 

2 

Long. 

Lalande, 1786. 

R ? Comaj. 

11 

57 

70 23 

8 0 

• 



n Urs. M. 

12 

8 

32 

8 

2 

2*5 

Long. 


21 Virg. - 

12 26 

98 28 


- 



R?Virg. - 

12 

31 

82 

11 

6 5 

11 

145*724 

Harding, 1809. 

S ? Urs. M. 

12 

37 

28 

5 

7 

12 

221*750 

Pogson, 1853. 

U ? Virg. - 

12 43 

83 38 

7*8 

- 

- 

u Hydr^ - 

13 22 

112 20 

4 

10 

495 

Maraldi, 1704. 

S ? Virg. - 

13 25 

96 21 

5 5 

11 

377 ? 

Hind, 1852, 

V Urs. M. 

,13 42 

39 56 

1*5 

2 

Long. 

Lalande, 1786. 

Libr. - 

14 45 

101 

45 

8 

9-5 


Schumacher, — ? 

0 Urs. m. 

14 

51 

15 14 

2 

2*6 

liong. 

Struve. 1838. 

^ Librre - 

14 53 

97 55 


• 

- 


S ? Serp. - 

15 15 

75 

9 

8 

10 

367 

Harding, 1828. 

R? Cor. B. 

15 42 

61 

2.8 

6 

- - ♦ 

323 

Pigott, 1795. 

K? Serp. - 

15 

44 

74 24 

6*5 

lO 

3.59 

Harding, 1826. 

R? Scorp.- 

16 

9 

112 20 

9*0 

• 

- 

Chacornac, — ? 

S ? Scorp. - 

16 

9 

112 20 

9 

12 

- 

Chaccfmac, 185S. 

80 Mess. - 

16 

9 

112 26 



- 

Pogson, 1860, 
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star. 

H.A. 

IS50. 

N. l\ 

l>. 

3. 

1 Man'll. 

Period, 

Days. 

Dis.-3overed by | 

1 

Max. 

Milt. 


h 

rn 







S ? Dphi. . 

16 

26 

106*^ 

52^ 

9 3 

13 5 

220? 

Pogson, 1854. ■ 1 

* Nova - 

16 

51 

102 

39 

4 5 

13 5 

- 

Mind, 1848. 

R?()|>ln. - 

16 

59 

105 

53 

8 

13 

396 ? 

Pogson, 1853. 

a Here. - 

17 

8 

75 

26 

31 

37 

66-33 ? 

W. IIerschel,1795. 

K Cor. A. 

18 

23 

128 

50 

3 

6 

Long. 

Halley, 1676. 

R ? - 

18 

39 

95 

51 

5 

9 

61 

Vi-ott, 1705. 

p l^VlfC - 

18 

45 

.56 

49 

3 5 

4 5 

12*914 

Goodricke, 1784. 

! IS Lvri« ' 

18 

51 

46 

1.5 

4 3 

4 '6 

48 

BaxendclJ, 18,56. 

11 ? Aqui - 

18 

59 

82 

0 

6 5 

.. 

- 


R ? Cvsn. - 

19 

33 

40 

8 

8 

14 

415*50 

Porrsnn, 1812. 

X - 

19 

45 

57 

28 

5 

11 

406*06 

Kirch, 1687. 

V A<iui- • 

19 

45 

89 

22 

3-3 

47 

7*1763 

Pigotl:. 1784, 

V Cyj^n. - 

19 

51 

55 

19 

4 5 

5 ‘5 

Long. 

J. Mersclu'J, 1842. 

li ? Oapr. . 

20 

3 

104 

42 

9 5 

13*5 

- 

llifid, 1848.. 

Gy<;n. - 1 

20 

12 

52 

26 

3 

6 

18 refus ? 

Jan.son, 1600. 


20 

33 

77 

49 

8 

8^. 

274 ? 

Siriivc, 1823. 

I Urs. m. 

20 

88 

1 

2;) 

5 1 

11 


Pog.son, 1 S53, 

Aquar 

20 

42 

95 

42 


- 

- 

Goldschtnidt. 

T? Capr. * 

21 

15 

105 

47 

90 1 

- 

274 


BAG 7582 > 

21 

39 

31 

.54 

3 1 

6 

Long. 

\V. Her Rebel, 1782. 

S ? Poga. - 

22 

15 

82 

44 

8'5 j 

13-5 

- 

Hind, 1848. 

5 ('eph. * 

22 

21 

33 

21 

3 '7 

4*7 

5*3664 

(.hxjdrickc, 1784. 

^ TVga. ' 

22 

,57 

f;2 

44 


' '5 

41 

Schnfidt, 1848. 

R ? Pega. - 

22 

59 

80 

16 

8-5 

1,3 -.5 

350 

Hind, 1848. 

It ? Aqua. - 

28 

37 

106 

6 

6*5 

lo 

3S8 .70 

Hanling. 1810. 

R? Cass - 

28 

.51 

39 

26 

6 

14 

4*54? 

! Pogson, 185.3. 


(826.) Irregularities similar to those wliich have been 
noticed in the case of o Ceti^ in respect of the maxima and 
minima of brightness attained in successive periods, liavc been 
alvso observed in several others of the stars in the foregoiiig 
list. 'X. Cygni, for example, is stated by Cassini to have been 
scarcely visible throughout the years 1699, 1700, 1701, at 
those times when it was expected to be most conspicuous. 
No. 59 Scuti Is sometimes visible to the naked eye at its 
minimum, and sometimes n )t so, and its maximum is also very 
irregular. Pigott’s variable star in Corona is stated by M. 
Argelander to vary f()r the most part so little that thti unaided t 
eye can hardly decide on its maxima and minima, while yet 
after the lapse of whole years of these slight fluctuations, they 
suddenly become so great that the star coinj)letely vanishes. 
The variations of a Orltyiis, which were most striking and un- 
equivocal in the years 1836 — 1840, within the years since 
elapsed became much less conspicuous. In Jan. 1849 they 
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had recommenced; and on Dec. 5th, 1852, Mr, Fletcher ob- 
served OL Orlonis brighter than Capella, and actually the 
largest star in the Northern hemisphere. The star called U 
Geininorum, in tlie list above given, is stated by Mr. Pogsoii 
to be subject to alternations or twinklings of light Irom t^e 
ninth to the thirteenth magnitude, in intervals from nine to 
fifteen seconds, neighbouring stars of equal brightness re- 
maining vsteady! 

(827.) These irregularities prepare us for other pluenomena 
of stellar variation, which have hitherto been reduced to no 
law of periodicity, and must be looked upon, in relation to 
our ignorance and inexperience, as altogether casual ; or, if 
periodic, of periods too long to have occurred more than once 
within the limits of recorded observation. The pha3nornena 
we allude to are those of Temporary Stars, wliich have ap- 
peared, from time to time, in different parts of the heavens, 
blazing forth with extraordinary lustre ; and after remaining 
awhile apparently immovable, have died away, and left no 
trace. Such is the star which, suddenly appearing some time 
about the year 125 B. c., and which was visible in the day- 
time, is said to liave attracted the attention of Hlpparclius, 
aiid led him to draw up a catalogue of stars, the earliest on 
record. Such, too, was the star which appeared, A. P. 
389, near a Aquihe, remaining for three weeks as bright as 
Venus, and disappearing entirely. In the years £45, 1264, 
and 1572, brilliant stars appeared in the region of the hea- 
vens between Cepheus and Cassiopeia; and, from the im- 
perfect account we have of the places of the two earlier, as 
compared with that of the last, wliich was well determined, 
as well as from the tolerably near coincidence of the intervals 
of their appearance, we may suspect them, with Goodricke, 
to be one and the same star, with a period of 312 or perhaps 
of 156 years. The appearance of the stnr of 1572 was so 
sudden, that Tycho Brahe, a celebrated Danish astronomer, 
returning one evening (the 11 th of November) from his la- 
boratory to his dwelling-house, was surprised to find a group 
of country peojile gazing at a star, which he was sure did not 
exiwst half an hour before. This was tlie star in question. It 
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was then as bright as Sirius, and continued to increase till 
it surpassed Jupiter when brightest, and was visible at mid- 
day. It began to diminish in December of the same year, 
and in March, 1574, had entirely disappeared. So, also, on 
the 10th of October, 1604, a star of this kind, and not less 
brilliant, burst forth in the constellation of Serpentarius, 
which continued visible till October, 1605. 

(828.) Similar pluenomena, though of a less splendid cha- 
racter, have taken place more recently, as in the case of the 
star of the third magnitude discovered in 1670, by Anthelm, 
in the head of the Swan ; whidi, after becoming completely 
invisible, re-appeared, and, after undergoing one or two sin- 
gular fluctuations of light, during two years, at last died away 
entirely, and lias not since been seen. 

(829.) On tlic night of the 28th of April, 1848, Mr. Hind 
observed a star of the filth magnitude or 5*4 (very conspi- 
cuous to the naked eve) in a part of the constellation Ophiu- 
chus (RA. 16^ 5V^ 1**5. N.P.D. 102^^ 39' 14"), where, from 
perfect familiarity with that region, he was certain that up to 
the 5th of that month no star so bright as 9*10 m. previously 
existed. Neither has any record been discovered of a star 
being tliere observed at any previous time. From the time of 
its discovery it continued to diminish, \vithout any alteration 
of place, and before the advance of the season rendered furtli( 3 r 
observation impracticable, Avas nearly extinct. Its colour 
was ruddy, and was thought by many observers to undergo 
remarkable changes, an effect probably of its low situation. 

(830.) The alterations of hiaghtness in the southern star 
7} Argus, which have been recorded, are very singular and 
surprising. In the time of Halley (1677) it ap[)cared as a 
star of the fourth magnitude. Lacaille, in 1751, obsoTved 
it of the second. In the interval from 1811 to 1 8). 5, it was 
again of the fourth ; and again flom 1822 to 1826 of the se- 
cond, On the 1st of February, 1827, it was noticed by 
Mr. Burchcll to have increased to the first magnitude, and to 
equal a Crucis. Thence again it receded to the second ; and 
so continued until the end of 1837. All at once in the be- 
ginning of 1838 it suddenly increased in lustre so as to 
surpass all the stars of the first magnitude except Sirius, 
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Canopus, and a Centauri, which last star it nearly equalled. 
Thence it again diminished, but this time not below the 1st 
magnitude until April, 1843, when it had again increased so 
as to surpass Canopus, and nearly equal Sirius in splendour. 
In May, 1863 [as well as in the years 1866—68], according to 
Mr. Abbott [and Mr. John Tebbutt, jnn.], it was only of the 
6th magintude.* Professor Loomis considers it as periodical, 
the interval of the minima being about seventy yeai s.f A 
strange field of speculation,” it has been remarked, is 
opened by this phajnomenon. The temporary stars here- 
tofore recorded have all become totally extinct. Variable 
stars, so far as they have been carefully attended to, have 
exhibited periodical alternations, in some degree at least re- 
gular, of splendour and comparative obscurity. But here 
we have a star fitfully variable to an astonishing extent, and 
whose fluctuations are spread over centuries, apparently in 
no settled period, and with no regularity of progression. 
What origin can we ascribe to tliese sudden flashes and 
relapses? What conclusions are we to draw as to the 
habitability of a system depending for its supply of light 
and heat on so uncertain a source ? Speculations of this 
kind can hardly be termed visionary, when we consider that, 
from what has before been said, we are compelled to admit 
a community of nature between the fixed stars and our own 
sun; and reflect that geology testifies to the fact of extensive 
changes having taken place at epochs of the most remote 
antiquity in the climate; and temperature of our globe difficult 
to reconcile with the operation of secondary causes, such as 
a different distribution of sea and land, but which would find 
an easy and natural explanation in a slow variation of the 
supply of light and heat afforded by the sun itself. 

f 831.) The Chinese annals of Ma-touan-lin J, in which stand 
(ffllrmUi/ recorded, though rudely, remarkable astronomical 
phamomena, su])ply a long list of strange stars,” among 
which, though the greater part are evidently comets, some 
may be recognized as belonging in all probability to the chiss 
of Temporary Stars as above characterized. Such is that 

• Notices of R. Ast Soc. xxiv. p. 6. ; xxv. p. 192.; xxviii. p. 200. a:td p. 266. 

I Ibifi., xxix. p. 298. 

I Tmnslatcd by M. Ednard Biot, Connois^tance dcs Temp.'?. 1846. 
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which is recorded to have appeared in a.T), 173, between a 
and /3 Ceiitauri^ which (no doubt, scintillating from its low 
situation) exhibited ^^the five colours,’^ and remained visible 
from December in that year till July in tlie next. And 
another which these annals assign to a. d. 1011, and which 
would seem to be identical with a star elsewhere referred tt 
A.D. 1012, which was of extraordinary brilliancy, and re- 
mained visible in the southern part of the heavens during 
three months,” * a situation agreeing with the Chinese re- 
cord, which places it low in Sagittarius. Among several less 
unequivocal is one referred to b. G. 134, in Scorpio, which 
may possibly have been Hipparchuses star. [Lastly, on 
May 12, 1866, a star of the second inagiiitude was unex- 
pectedly noticed by Mr. Birmingham (at Tuam) near b Co- 
ronas. It diminished rapidly, having been seen by Mr. 
Huggins on May 15, 16, 17, 18, 19, 20 respectively as 3*6, 
4*2, 4*9, 5*3, 5*7, and 6*2 m. After dwindling to 10 m. it 
again recovered so far as to have been seen on October 5 by 

M. Schmidt as 7 m. Its place for 1866 w'^as II. A. 16^ 54”'; 

N. P.D. 63° 42'. Its spectrum was twofold, exhibiting both 
positive and negative lines, indicating at once the presence 
of flame and absorptive vapoui*s.] 

(832.) On a careful re-examination of the heavens, and a 
comparison of catalogues, mauy stars are now found to be 
missing; and although there is no doubt that these losses 
have arisen in the great majority of instances from mistaken 
entries, and in some from planets having been mistaken for 
stars, yet in some it is equally certain that there is no 
mistake in the observation or entry, and that the star has 
really been observed, and as really has disappeared from 
the heavens. The whole subject of variable stars is a 
branch of practical astronomy which has been •too little 
followed up, and it is precisely* that in which amateurs of 
the science, and especially voyagers at sea, provided with 
only good eyes, or moderate instruments, might employ 
their time to excellent ^advantage. Catalogues of the com- 

* Hind| Notices of the Astronomical Society, viii. 156., citing Hepidanniift. 
lie places the Chinese star of 173 a.d. between a and /3 Canr% Minoru^ but M, 
Biot difitinctly says a, iS pied oriental du Ceniaure. 
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parative brightness of the stars in each constellation have 
been constructed by Sir Wm. Herschel, with the express 
object of facilitating these researches, and the reader will 
find them, and a full account of his method of comparison, in 
the Phil. Trans. 1796, and subsequent years. 

(833.) Wo come now to a class of phaenomena of quite a 
different character, and which give us a real and positive 
insight into the nature of at least some among the stars, and 
enable us unhesitatingly to declare them subject to the same 
dynamical laws, and obedient to the same power of gravita- 
tion, which governs oiir own system. Many of tlie stars, 
when examined with telescopes, are found to be double, i, e. 
to consist of two (in some cases three or more) individuals 
placed near together. This might be attributed to accidental 
proximity, did it occur only in a few instances ; but the fre- 
quency of this companionship, the extreme closeness, and, in 
many cases, the near c(piality of the stars so conjoined, w'ould 
alone load to a strong suftpicion of a more near and intimate 
relation than mere casual juxtaposition. The bright star 
Castor, for example, when much magnified, is found to con- 
sist of two star>s of nearly the third magnitude, within 5" of 
each other. Stars of tins magiutnde, however, are not so 
common in the heavens as to render it otherwise than exces- 
sively improbable that, if scattered at random, they would 
fall so near. But this improbability becomes immensely in- 
creased by a consideration of the liict, that this is only one out 
of a great many similar Instances. Micliell, in 1767, applying 
the rules for the calculation of probabilities to the case ot* the 
six brightest stars in the group c.alled the Pleiades, found 
the odds to be oOOOOO to 1 against their proximity being 
the mere result of a random scattering of 1500 stars (which 
lie suppoi^cd to be the total number of stars of that magnitude 
in the celestial sphere *y over the heavens. Speculating 
further on this, as an indication of physical connexion rather 
tlian fortuitous assemblage, he was led to surmise the possi- 
bility (since converted into a certainty, but at that time, 

* This number is considerably too small, and in consequence, Michell’s odds 
in this case materially overrated. But enough will remain, if this be rectified, 
fully to bear out his argument. Phil. Trans, vol. 57. ® 
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antecedent to any observation) of the existence of compound 
stars revolving about one another, or rather about their com- 
mon center of gravity. M. Struve, pursuing the same train 
of thought as applied specially to the cases of double and 
triple combinations of stars, and grounding his computations 
on a more perfect enumeration of the stars visible down to 
the 7th magnitude, in the part of the heavens visible at Dor- 
pat, calculates that the odds are 125 to 1 against any two 
stars, from the 1st to the 7th magnitude inclusive, out of the 
whole possible number of binary combinations then visible:, 
fiilling (if fortuitously scattered) within 4'^ of each other. 
Now the number of instances of such binary combinations 
actually observed at the date of this calculation was already 
91, and many more have since been added to the list. Again, 
he calculates that the odds against any such stars fortuitously 
scattered, falling within 32" of a third, so as to constitute a 
triple star, is not less than 4340 to 1. Now, four such com- 
binations occur in the heavens ; viz. 6 Orionis, <t Orionis, 
1 1 Monocerotis, and f Caiicri. The conclusion of a physical 
connexion of some kind or other is therefore unavoidable. 

(834.) Presumptive evidence of another kind is furnished 
by the folloAving consideration. Botli a Centaiiri and 61 
Cygni are Double Stars.” Both consist of two individuals^ 
nearly equal, and separated from each other by an interval 
of about a quarter of a minute. In the case of 61 Cygni? the 
stars exceeding the 7tli magnitude, there is already a prima 
facie probability of 9 to 1 against their apparent proximity. 
The two stars of a Centaiiri are both at least of the 2nd 
magnitude, of which altogether not more than about 50 or 
60 exist in the whole heavens. But, waving this considera- 
tion, both these stars, as we have already seen, have a proper 
motion so considcirable that, supposing the constitqent indi- 
viduals unconnected, one would speedily lea ve the other be- 
hind. Yet at the earliest dates at which they were respec- 
tively observed these stars were not perceived to be double, 
and it is only to the employment of telescopes magnifying at 
least 8 or 10 times, that w'e owe the knowledge wo now 
possess of their being so. With such a telescope Lacaille, in 
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1751, was barely able to perceive the separation of the two 
constituents of a Centauri, whereas, hud one of them only 
been affected with the observed proper motion, they should 
then have been 6' asunder. In these cases then some phy- 
sical connexion may be regarded as proved by this fact alone. 

(835.) Sir William Herschcl has enumerated upwards of 
500 double stars, of which the individuals are less than 32" 
asunder. M. Struve, prosecuting the inquiry with instru- 
ments more conveniently mounted for the purpose, and 
wrought to an astonishing pitch of optical perfection, has 
added more than five times that number. And other ob- 
servers have extended still further the catalogue of Double 
Stars,” without exhausting tlie fertility of the heavens. 
Among these are a great many in which the distance between 
the component individuals does not exceed a single second. 
They arc divided into classes by M. Struve (the first living 
authority in this department of Astronomy) according to the 
{)roximity of their component individuals. The first class 
(‘omprises those only in which the distance does not exceed 
1 the 2nd those in which it exceeds 1 " but falls short of 2^' ; 
the 3rd class extends from 2" to 4" distance ; the 4th from 
4" to 8" ; the 5th from 8" to 12"; the 6th from 12" to 16"; 
the 7th from 16" to 24'^ and the 8th from 24" to 32". Eatdi 
class he again subdivides into two sub classes of which the 
one under the appellation of double stars (duplices 

lucidae) comprebends those in which both individuals exceed 
the 8|- magnitude, that is to say, are separateh/ bright enougli 
to be easily seen in any moderately good telescope. All 
others, in which one or both the constituents are below this 
limit of easy visibility, are collected into another sub-class, 
which he terms residuary {DtipUces relvpKB). This arrange- 
ment is se far convenient, that after a little practice in the 
use of telescopes as applied to such objects, it is easy to judge 
what optical power will probably suffice to resolve a star of 
any proposed class and either sub-class, or would at least be 
so if the second or residuaiy suV)-c]ass were further subdivided 
by placing in a third sub-class delicate ” double stars, or 
tihose in which the companion star is so very minute as to 
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require a liigh degree of optical power to perceive it, of which 
instances will presently be given. 

(836.) The ibllowing may be taken as specimens of each 
class. They are all taken from among the lucid, or conspi- 
cuoius stars, and to sucli of our readers as may be in possession 
of telescopes, and may be disposed to try them on such ob- 
jects, will afford him a ready test of their degree of efficiency. 


Class L, O'' to 1". 


7 Coroii® Bor. 

7] Coron®. 

q Ophiuchi. 

* Atlas Pleiadum. 

7 Centauri. 

7j Herculis. 

^ Draconis. 

4 Aquarii. 

7 Lupi. 

A Cassiopei®. 

(p Urs® Majoris. 5 Aquarii. 

t Arietis. 

A (^pliujclu. 

X Aquil®. 

42 Com®. 

C Hcrculis. 

n Lupi. 

a’ Leon is. 

52 Arietis. 

2 Aadromedae. A Cygiii. 

0 Andromedte:. Piscium. 


Class 11., 

1" to 2". 


7 Circini. 

(T Bootis. 

^ Ursje Maj 

oris. 2 Camelopard!. 

5 Cygni. 

t Cassiopei®. 

It Aquil®. 

22 Orionis. 

€ (aiamaeleontis. 

< 2 Caticri. 

<r Corona* Bor. 52 Orionis. 


Class III. 

, 2" to 4". 


a Piscium. 

7 Virginis. 

^ Aquarii. 

fi Draeoni.s. 

)3 Hytlrae. 

d Serpentis. 

( Orionis. 

ft Can is. 

7 Ceti. 

e Bootis. 

1 I.oonis. 

p Ilerculi.s. 

7 Leonis. 

€ Draconis. 

i Triaiiguli. 

a Cassiopei®. 

7 Coron® Ans. 

€ Hydr®. 

K Lep<jris. 

44 Bootis. 


Cliiss IV. 

, 4" to 8". 


a Crucis. 

$ Phmnicis. 

1 Cephei. 

p Eridani. 

a TIerculis. 

K Cephei. 

TT Bootis. 

70 Ophiuchi. 

a Geminorum. 

A Orionis. 

p Capricorn!. 

12 Eridani. 

S Geminorum. 

fi Cygni. 

V Argus. 

32 Eridani. 

f Coron® Bor. 

^ Bootis. 

ft) Aurig®. 

95 IJercuIis 


Class V., 

8 ' to 12". 


3 Oriouis. 

( Antli®. 


i Orionis. 

7 Arietis. 

rj Cas.siopei«. 

f Eridani. 

7 Delpliini. 

$ Eridani. 


2 Canum Ven 


Class vr., 

12" to 16". 

a Ceiitauri. 

7 Volaiitis. 


H Bootis. 

3 Cfephei. 

T) Lupi. 


8 Monoceroti'i. 

3 Scorpii. 

^ Urs® Major. 

61 Cygni. 


Class VIL, 16"lo 24". 

a Canum Ven. & Serpentis. 24 Comae. 

« Norm®. n Coron® Aus. 41 Draconis. 

f Piscium. X 't’auri- 61 OphiuchL 

Class Till., 24" to 32". 

C Herculiito « Hcrculis. X Cygni. ^ 

tf Lyr®. ♦ 4 Druconis. 23 Orionis. 

B K 
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(837.) Among the most remarkable triple, quadiTiple, or 
multiple stars (for sucli also occur), may be enumerated, 

7 Ancirorneda*. d Orionis, f Scorpii. 

f Lyra\ Lupi. 11 Monocerotis. 

f Canori. M Bootis. 12 Lyncis. 

Of these, 7 Andromedie, juu Bootis, and /x- Lupi appear in 
telescopes, even of considerable optical power, only as ordi- 
nary double stars; and it is only when excellent instruments 
are used that their siiitiller comjianions are subdivided and found 
to be, in fact, extremely close double stars, s Lyric ofiers 
the remarkable combination of a double-double star. Viewed 
with a telescope of low power ifc appears as a coarse and easily 
divided doul)le star, but on increasing the magniiying power, 
each individual is perceived to be beautifully and closely 
double, the one pair being about 2h"y the other about 3^' 
asunder. Each of the stars ? Cancri, f Scorpii, 11 Monoce- 
rotis, and 12 Lyncis consists of a principal star, closely double, 
and a smaller and more distant attendant, while d Orionis 
presents tlie ]disenomenon of four brilliant principal stars, of 
the respective 4th, 6th, 7th, and Btii magnitudes, forming a 
trapezium, the long<.*.'t diagimal of which is 2E^*4, and ac- 



companied by two exr-essiveiy luiiuite and very clo-e com- 
panions (as in the annexed tigure), to perceive /joth which is 
one ofrthe severest tests which can be a}>})lied to a telescope. 

(838.) Of the ^‘delieaivv’ 8ul)-class of double stars, or those 
consisting of very large and conspicuous principal stars, ac- 
companied by very minute companions, the following speci- 
mens may suffice : 

I 

a 2 Cancri. o Po!ari». i Uts« Majorifi. 7 Bootis. 

a 2 Capnrf^rni. «f v Circini. <p Virfrinrs. 

n liifli. AqiMrii- v Geinin.^rum. X 

A Lyr;*’- •) u Ferjifii. Aiiri^.r. 
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(839.) To the amateur of Astronomy the double stars offer 
a subject of very pleasing interest^ as tests of the performance 
of his telescopes, and by reason of the finely contrasted 
colours which many of them exhibit, of which more hereafto*. 
But it is the high degree of physical interest which attach a 
to them, whicli assigns them a conspicuous place in modern 
Astronomy, and justifies the minute attention and unwearied 
diligence bestowed on the measurement of their angles of 
position and distances, and the continual enlargement of our 
catalogues of them by the discovery of new ones. It vvas, 
as we have seen, under an impression that such combinations, 
if diligently observed, might afford a measure of parallax 
through the periodical variations it might be expected to 
[produce in the relative situation of the small attendant star, 
that Sir W. Hetscliel was induced (between the years 1779 
and 1784) to form the first extensive catalogues of them, 
under the scrutiny of higher magnifying powers than had 
ever previously been a[)j)lie(l to such purposes. In the pur* 
suit of this object, the end to which it was instituted as a 
means was necessarily laid aside for a time, until the accu- 
mulation of more abundant materials should have afforded a 
choice of stars favourably circumstanced for systematic ob- 
servation. Epochal measures however, of each star, were 
secured, and, on resuming the subject, his attention was 
altogether diverted I'rom the original object of the iinpilry 
by phaenomena of a very unexpected character, which at on(V’ 
engrossed his whole attention. Instead of finding, as he e's. 
pected, that annual fluctuation to and fro of one star of a 
double star with respect to the other, — that alternate annual 
increase and decrease of their distance and angle of position, 
which the parallax of the earth’s annual motion would pro- 
duce, — he observed, in many instances, a regular pro^’essive 
(hange; in some cavses bearing chiefly on their distance, — in 
others on their position, and advancing steadily in one direc- 
’tiou, so as clearly to indicate either a real motion of the stars 
themselves, or a general rectilinear motion of the sun and 
whole solar system, producing a parallax of a higher order 
than would arise from the earth’s orbitual motion, and which 
might be called systematic parallax. 
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( 840.; Sup[)0;^iug the two stars, and also the sun, In motion 
independently of each other, it is clear that for the interval 
of several years, these motions must be rejj^arded as rectilinear 
and uniform. Hence, a very slight acquaintance with geo- 
metry will suffice to show that the apparent motion of one 
star of a double star, referred to the other as a center, and 
mapped down, as it were, on a plane in which that other shall 
be taken for a fixed or zero point, can be no other than a 
right line. This, at least, must he the case if the stars bo 
independent of each other; but it will be otherwise if they 
have a physical connexion, such as, for instance, real proxi- 
mity and mutual gravitation would establish. In that case, 
they would describe orbits round each other, and round their 
eommon center of gi'iu ity ; and therefore tlie apparent path 
of either, referred to the other as fixed, instead of being a 
portion of a straight line, would be bent into a curve concave 
towards tliat other. The observed moth^ns, however, w^ere 
so slow, that many years’ observation was required to ascer- 
tain this point ; and it was not, therefore, until the year 
180t3, twenty- five years from the commenceineut of the in- 
quiry, that any thing like a positive conclusion could be come 
to respecting the rectilinear or orbitual character of the ob- 
served changes of position. 

(841.) In that, and the vsubsequent year, it w^as distinctly 
announced by him, in two papers, whicli will be found in the 
Transactions of the Royal S(Kfu‘ty for those years*, that there 
exist sidenial systems, (* 01111 ) 0 ^ 0(1 of tw(_) stars revolving about 
each other in regular orbits, and constituting what may be 
termed bir.ary stars, to distinguish tliem fr(.)m double stars 
generally so called, in which these physically connected stars 
are confounded, perluips, with others only optically double, or 
casually^ juxtaposed in tlie heavens at different distances from 
the eye ; whereas the individuals of a binary star are, of 
course, equidistant from tlie eye, or, at least, cannot differ 
more in distance than the semi-diameter of the orbit they 
describe about each other, wdiich i^ (piite insignificant com- 
{lared with the immense distance between them and the earth. 

. r 

* Tht' «nrH\ur^ct'ment in fac;» in but nnaccoinpanit-d by,tbe 

i'-hirig t:;< 
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Between fifty and sixty instarices of changes, to a greater or 
less amount, in the angles of position of double stars, are 
adduced in the memoirs above mentioned ; many of wliich 
arc too decided, and too regularly j)rogrcssive, to allow of 
their nature l)eing misconceived. In particular, among the 
more conspicuous stars, — Castor, y Virgiiiis, f Ursse, 70 
Ophiuchi, or and rj Coroiue, ? Booiis, Cassiopeia?, y Leonis, 
^ Ilerculis, Cygni, /x Bootis, e 4 and e 5 Lyra?, A Ophiuclii, 
ft Draconis, and ^ Aqiiarii, are eniimevated as among the 
most remarkable instances of tlie observed motion ; and to 
some of them even periodic times of revolution are assigned; 
a])proximative onh^, of course, and rather to be regarded as 
rough gtiess('s tliaii as results of any exact calculation, for 
which the data were at the time quite inadequate. For in- 
Btauce, the revolution of Castor is set down at 334 years, that 
of y Virglnis at 708, and that of y J^conis at 1200 years. 

(842.) Subsequent observation has fully confiiancd these 
results. Of all tlie stars al>ove named, there is not one wlilcli 
is not found to l)e fully mititled to bo regarded as binary; 
and, in fact, this list comprises nearly all the most consid( ruble 
\isil)le in our latitudes winch have yet been detected, 
tbough (as attention has been closely drawn to the subject, 
and observations have multiplied) it lias, of late, received 
large accessions. Upwaris of a hundred double stars, cer- 
tainly known to prissess this character, were eiiurneraled by 
M. Madler in 1841 and more are emerging into notice with 
every fresh mass of observations which come before the 
public. They re(|Mire excellent telescopes for their effective 
observation, being for the most part so close as to necessitate 
the use of very high magnifiers (such as would be considered 
extremely powerful microscopes if employed to examine 
objects within our reach), to perceive an interval between 
the individuals whicli compose them. 

(843.) It may easily be supposed, that pha?nomena of this 
kind would not pass without attempts to connect them with 
dynamical theories. From their first discovery, they were 
naturally referred to the *agency of some power, like that of 
, ♦ J!)orp;it 0])st'rvatjon.s, vol ix. 1840 and 1841* 
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gravitation, coiiuecting the stars thus demonstrated to be in 
a state of circulation about each other; and the extension of 
the Newtonian law of gravitation to these remote systems 
was a step so obvious, and so well warranted by our experi- 
ence of its all-sufficient agency in our own, as to have been 
expressly or tacitly made by every one who has given the 
subject any sluire of his attention. We owe, however, the 
first distinct system of calculation, by which the elliptic 
elements of the orbit of a binary star could be deduced from 
observations of its angle of position and distance at different 
epochs, to M, Savary, who showed that the motions of one 
of the most remarkable among them (J Urs^) were explicable, 
within the limits allowable for error of observation, on the 
supposition of an elliptic orbit described in the shoi't period 
of 58:}^ years. A different process of computation connucted 
Professor Encket to an elliptic orbit for 70 Oi)hinchi, de- 
scribed in a period of seventy-four years. M. Miidk'r has 
cs[)ccially signalized liimself in tliis lino of inquiry (see Talde). 
Several orbits have also been calcuiatcd bv Mr. Hind, Ad- 
miral Smyth, Mr. Jacob, Mr. Powell, M. Villai ‘ceau. Pro- 
fessors Winne(*ke and Klinkerfiies ; and tlie antlior of these 
pages has himself attempted to contribute his mite to these 
interesting investigations.^ The following may be stated as 
the chief results which have been hitherto obtained in this 
branch ol* astronomy § : — 

* ('ounoi-s. cles letrips IBSO. | Berlin Ephtm. 1832. 

1 Mein. R. Ast. Soc vols. v. anrl xviii. 

§ The “position of rhe node” in col. 4. expresses the angle of position (sc« 
art. 204.) of the line of intersection of the plane of the orbit, with the plane ot 
the heavens on which it is seen projected. The “ inclination ” in col. 6. is the 
inclination of these two phines to one another. Col. 5. shows the aiifde ac- 
tually included in the plane of the orbit, between the line of nodes (defined as 
above) and the line of apsides. The eleirents assigned in tins table to w Leoni.s, 

^ Bootis, and Castor must be considered a.s very doubtful. Some cause of jier- 
turbation i^as been su-spected to exist in the movements of p. Ophiuchi. Mr. 
Jacob, C'>rnparing some old (ami no doubt very rude) observations by Ricliaud 
and Feuille, in 1690 and i70f), draws a .similar conclusion in the case of tlie 
system of a Ontauri. Comparing the more modern (and only reliable obser- 
vations) however, this opinion seems hardly entitled to the confidence with which 
he insists on it. A very few years' additional ol^servation will decide the ques- „ 
tion. This magnificent double star well merits the most careful and diligent 
Httention of astronomers. 
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(844.) Of the stars in the above list, that which haa been 
most assiduously watched, and has offered phaenomena of the 
greatest interest, is 7 Virginis. It is a star of the vulgar 
3rd magnitude (3*(’8=r:Photoin. 3-494), and its component 
individuals are very nearly equal, and as it would seem in 
Borne slight degree variable, since, according to the observa- 
tions of j\f. Struve, the one is alternately a little greater, 
and a little less than the other, and occasionally exactly 
equal to it< It has been known to consist of two stars since 
tlie beginning of the eighteenth century ; the distance being 
then between six and seven seconds, so that any tolerably 
good tclcsco])e ^vollld resolve it. Wlien observed by Hcrschel 
in 178(>, it was 5"*66, and continued to decrease gradually 
and regularly till at length, in 1836, the two stars had ap- 
proached so closely as to appear perfectly round and single 
under tlie highest iriagnifying power which could be ap- 
jdied to most excellent instruineiits — the great refractor at 
Pulkovva alone, with a magnifyiiig power of 1000 , continuing 
to indicate by the wedge-shaped l*onn of the disc of the star 
its composite nature. l>y estimating the ratio of its length 
to its breadth and measuring the fonner, M. Struve concludes 
that, at this ejioch { 1836-41), the distance of the two stars, 
center from cent(*r, might be stated at 0 "- 22 . From that 
lime tiie star again opened, and is now again a perfecily 
ca.'iiy se[>arablc star. 4 his very rernarkahle diminution aiul 
subsequent increas<? of distance lias boon accompanied by a 
corresponding and equally remarkable increase and subso 
quent (limhiution of relative angular motion. Thus, in the 
year 1783 the a]>paj‘eTit angular motion hardly amounted to 
half a degree j)er annum, while in 1830 it had increased to 
0 °, in 1831 to 20 *^, in 1835 to 40*^, and about tlie middle of 
1836 to,uj)\vards of 70° per annum, or at the rate of a degree 
in five days. This is in t;*vitire conformity with the principles 
of Dynamics, wdiich establish a necessary connexion between 
the angular velocity and the distance, as w-ell in the apparent 
as in the real orbit of one body revolving about apothei* 
under the influence of mutual attraction; the former varying 
inversely as the square of the latter, in both orbits, what 
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ever be the curve described and wliatcver the law of the 
attractive force. It foi'tunately happens that Bradley, in 
1718, had noticed and recorded in the margin of one of his 
observation books, the appai’ent direction of the line of junc- 
tion of the two starvS, as seen on the meridian in his transit 
telescope, viz., parallel to the line joining two conspicuous stars 
a and S of the same constcdlation, as seen by the naked eye. 
This note, rescued from oblivion by tlie late Professor Iligaud, 
has proved of singular service in the verification of the elements 
above assigned to the orlut, which represent the whole series 
of recorded observations that date up to the end of 1846 
(com|>rIsnig an angular movement of nearly nine- tenths of 
a comj[)letc circuit), both in angle and distance, witli a degree 
of exactness fully equal to that of observation itself No 
doubt can, therefore, remain as to the prevalence in this 
rcniute system of the Newtoniau law of gravitation. 

(845.) The observations of f Llrsie Majoris are equally 
well represented by M. Madler’s elements (4 c of our table), 
thus fully justifying the assumption of the Newtonian law 
as that which regulates the motions of their binary systems. 
And even should it be the case, as M. Madler apjjcars to 
consider, that in one instance at least (that of p Ophiuclil), 
deviations from elliptic motion, too considerable to arise from 
)ucre error of observation, exist (a position we are by no 
means [)iepared to grant '*^), we should rather be disposed to 
look lor tlie cause of such deviations in perturbations ai'ising 
(as Bessel lias suggested) from tiro largo or central star itself 
being actually a close and hitherto unrocog'nized double star 
than in any defect of generality in the Newtonian law. 

(846.) If the great length of the jieriods of some of these 
bodies be reinarkablc, the shortness of those of others is 

hardly less so. ? llerculis has already conq)lcted <two revo- 

• 

* p Opliiui In belongs to the class of* very unojjual double stars, the magnU 
tudes of the individuals being 4 and 7. Such stars present difficulties ia the 
exact mcasuroincnt of tlieir angk-s of position wliich even yet continue to em- 
barrass the observer, though, owing to later imvirovemeius in the art of executing 
such AieasureTnents, tlu?ir influence is confined within uuieh nnnovi^er limits than 
in the earlier history of the subject. In simply placing a fine single wire parallel 
to the line of junction of two such stars it is easily possible to commit an error 
of 3® or 4®. By placing them between two parallel thick wires such errors are 
In great measure obviated. [The elements by Schur, in our tiihle, Art. 843, 
repre-ent with the ex>4ctiu'ss ot observation it^elt the whole scries of p^isltions 
MOfi di .tanecs ob'^ei ved from I77f» to J j 
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lutions since the epoch oi its first discovery^ exhibiting in its 
course the extraordinary spectacle of a sidereal occult atiori, the 
suuill star having twice been hidden belli nd or before the 
large one. ?; Corona^j f Cancri, J Ursa) and u Centaur! have 
each performed more tliaii one entire circuit, and 70 Ophiuehi 
anel 7 Virgliiis have accomplished by far the larger portion of 
<.>ne in angular motion. If any doubt, therefore, could remain 
as to tlie reality of their orbitual motions, or any idea of ex- 
plaining lliem by mere parallactic clianges, or by any other 
hypotliesis tlian tlie agency of centripetal force, these lacts 
must suffice for their complete dissipation. We have the 
same evidence, indeed, of their rotations about each other, 
that we have of those of Uranus and jS^eptunc about the 
sun ; and the correspondence between their calculated and 
observed places in such very elongated ellipses, must be 
admitted to carry with it proof of tlie prevalence of tlie 
Newtonian law of gravity in their systems, of the very same 
nature and cogency as that of tlie calculated and observed 
places of comets round the central body of our own. 

(847.) Ihit it is not with the revolutions of liodiies of a 
planetary or cometary nature round a solar center that wo 
are now concerned; it is with tliat of sun round sun — each, 
perhaps, at least in some binary systems where the individuals 
are very remote and their period of revolution very long, 
accompanied with its train of planets and their satellites, 
closely shrouded from our view by the splendour of their 
respective suns, and crowded into a sjiace bearing hardly 
a greater proportion to the eriorinous interval which separates 
tkejn, than the distances of the satellites of our planets from 
their primaries bear to their distances from the sun itself. 
A less distinctly characterized subordination would be in- 
compatible with the stability of their systems, and with 
the planetary nature of their orbits. Unless closely nestled 
under the protecting wn'ng of their immediate superior, the 
sweep of their other sun in its perihelion passage round their 
own might carry them off, or whirl them into orbits utterly 
incompatible with the conditions necessary for the existence 
of their inhabitants. It must be confessed, that , we have 
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here a strangely wide and novel field for speculative excur- 
sions, and one wliich it is not easy to avoid luxuriating in, 

(848.) The discovery of the parallaxes of « Ceiitauri mid G1 
Cygni, botli which are above enumerated among tlie “ conspi- 
cuous ” double stars of the 6th class (a distinction fully merited 
in the case of the former by the brilliancy of both its con- 
stituents), enables us to speak with an approach to certainty 
as to the absolute dimensions of both their orbits, and thence 
to form a probable opinion as to the general scale on which 
these astonishing systems are constructed. Tlie distance of 
the two stars of 6 1 Cygni subtends at the earth an angle 
which, since the earliest micrometrical measures in 1781, Ims 
varied hardly 1" either way from a mean value 16"*5. On 
the other hand, the angle of position has altered since tlie 
same epoch by nearly so that it would appear probable 
that the true form of the orbit is not far from circular, its 
situation at right angles to the visual line, and its periodic 
lime probably not sljort of 500 years. Now, as the as- 
certained parallax of this star is 0"’348, which is, therefore, 
the angle the radius of the earth’s orbit would subtend if 
equally remote, it follows that the mean distance between 
the stars is to that radius, as 16"’5 : 0''-348, or as 47*41 : 1. 
The orbit described by these two stars about each other un- 
doubtedly, therefore, greatly exceeds in dimensions that 
described by Neptune about the sun. Moreover, supposing 
the period to be five centuries (and the distance being ac- 
tually on the increase', it can hardly be less) the general prf)- 
positions laid down by Newton*, taken in conjunction with 
Kepler’s third law, enable ns to calculate tlie sum of the 
masses of the two stars, w^hich, on these data, we find to be 
0*353, the mass of onr sun l^eing 1. The sun, therefore, is 
neither vastly greater nor vastly less than tlie sUirs com- 
posing 61 Cygni. 

(849.) The data in the case of a Centauri are more un- 
certain. Since the year 1822, the distance has been steadily 
a nd pretty rapidly decreasing at an average rate of about half a 
second per annum, and that with little change till lately in the 

» ♦ PrincipJa. 1. i. Pi op, 57. 58, 5P. 
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angle of positioiL* llciice, it follows evidently that the 
jdanex^f its orbit passes nearly through the earth, and (the 
distance about the middle of 1884 having been it 

is v(?ry probable that cither an occuhation, like that ob- 
served in ^ llcrcidis, or a close apipulse of the two stars, will 
take place about the year 1859. As the observations wo 
])Ossess afford no sufficient grounds for a satisfactory calcula- 
tion of elliptic elements we must be content to assume what, 
at all events, they ffdly justify, viz*, tliat the major sciniaxis 
}niist exceed 12''', and is very probably considerably gre{it(‘r. 
.Vow this wltli a])ara]lax of would give for the real value 

of the semiaxis 13*15 radii of the earth’s orbit, as a minimum. 
1he real dimensions of their elli[)se, theref >r(', cannot, l>e so 
small as the orbit of Saturn ; in all probability exceeds tliatot' 
Uranus; and may po,ssibly be much greater than eitlua*. 

(850.) The parallel between these two douiile stars is a 
remarkable one. Owing no doubt to their cornparntive prox- 
imity to our system, their apj.tannt jiroper motions are both 
unn.'-ually great, and for the same reason probably rather 
than owing to unusually large dimenskins, their orbits appear 
to us under what, for binary double stars, we must call un- 
usually large angles. Each con-ists, moreover, of stars, not 
very unecpial in brightness, and in each liolli the stars are of 
a liigh yellow approaching to orange colour, the smaller 
individual, in eacli case, being aUo t>l‘ a deeper tint. What- 
ever the diversity, therefore, which m.iy obtain among otliei 
sidci'cal objects, tliese would apjiear to belong to tlie same 
family or genus. f 

(85 1.) Many of the double stars exhibit tlie ciirioiis and 
beautil'nl pluenomenon of contrasted or complementary 
colours. I In sncli instances, the larger star is usually of a 

* In tlie^’70 years between Lacaille’s obser . ,ii ions and 1822, there exists no 
record of any ob-^erved an;:'le of position. 

t Similar combinations are very numerous. Many remarkable instatjecs 
occur arnonjr tlie double stars catalogued by the author in the 2nd- Srd, Ith, 
6'th and 9th volumes of Trans. Hoy. Ast. Soc and in the voIuuk? of vSoutlurn 
observations already *‘iicd. See Nos. 121,375, lOfitJ, ! 907, 2030, 21 IC\ 22 K, 
2772, 3S53, 339,7, :j99<S, 4000, 4055, 4l9d, 42ip, 4615, 4a J9, 476.3,5003, 5012, 
of tliese catalogues. 4 he fine binary .star, B, A. C. No, 4923, has its constituentt 
1.3" apart the one (Im. yellow, the otlu'r 7«/. orange. 

I u other suns, pernaps, ' 

With their attendant moona thou wilt drscrv, 
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ruddy or oriinge line, while the smaller one appears blue or 
green, probably in virtue of tliat general law of optiCH, which 
provides, that when the retina is under the iritlaence of 
excitement by any bright, coloured light ; feebha* lights, 
which seen alone would produce no sensation but of white- 
ness, shall for the time appear coloured with the tint com- 
plementary to that of the brighter. Thus a yellow colour 
predominating in the light of the brighter star, that of tlie 
less bright one in the same field of vio^v will appear blue ; 
while, if the tint of the brighter star verge to crimson, that 
of the other will exhibit a tendency to green — or even 
apjiear as a vivid green, under favourable circumstances. 
The former contrast is beautifully exhibited by i Cancri — 
Ihe latter by 7 AndrornediC^ both fine double stars. If, 
however, the coloured star be much the less liriglit of the 
two, it will not materially aifi'Ct tlie other. Tims, for in- 
stance, rj OassiopeiJB <?xhil)its the beautifVil combination of 
a large white star, and a small one of a ricli ruddy ])urplc. 
It is by no means, liowevcr, intended to say, that in all such 
cases one of the colours is a mere effect of contrast, and it 
may be easier suggested in words, than conceived in imagi- 
nation, wluit variety of illumination two suns — a red and a 
green, or a 3xdIow and a blue one — must afford a jilanet 
circulating about either ; and wliat cliarming contrasts and 
grateful vicissitudes,” — a red and a green day, for instance, 
alternating with a wdiitc one and wltli darkness, — might 
arise from the presence or absence of one or other, oj’ fjotli, 
above the horizon. Insulated stars of a red colour, almost 
as deep as that of blood f, occur in many parts of the heavens, 


Communicating male and female light, 

(Which two great sexes animate the world,) ^ 

Stored in each orb, perhaps, i^ith some tliat live.'* 

rarndise. LnsU viii. 1-18. 

• Tl)s small star of y Andromeda? is close doiible, Botli its individuals are 
green: a similar combination, with even more decided colours, is presented by 
tlie double star, h. 881. 

•f- The following are the R. ffceensions and N. P. disUmees for 1830, of some 
of the most remark ahlr of theso sanguine or ruby stars ; — 
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but no green or blue star (of any decided hue) has, we believe, 
ever been noticed unassociated with a companion brighter 
than itself. Many of the red stars are variable. 

(852.) Another very interesting subject of inquiry, in the 
physical history of the stars, is their proper motion. It was 
first noticed by Hallej% that three principal stars, Sirius, 
Arcturus, and Aldebaran, are placed by Ptolemy, on the 
strength of observations made by Hipparchus, 1 30 years B. c., 
in latitudes respectively 20', 22', anil 33' more iiorlherhj than 
he actually found them in 1717.^ Ataking due allowance for 
the diminution of obliquity of the ecliptic in the interval 
(1847 years) they ought to have stood, if really fixed, re- 
spectively 10', 14', and 0' more soiitherhj. As the circum- 
stances of the statement exclude the su])])osition of error of 
transcription in the AISS., we are necessitated to admit a 
southward motion in latitude in these stars to the very con- 
siderable extent, respectively, of 37', 42', and 33', and this is 
corroborated l)y an observation of Aldebaran at Athens, in 
the year a. D. 509, which star, on the 11th of March in that 
year, was seen immediately after its emergence from occul- 
tation by the moon, in such a position as it could not have 
had if the occultation were not nearly central. Now, from the 
knowledge we have of the lunar motions, this could not have 
been the case had Aldebaran at that time so much southern 
latitude as at present. A priori^ it might be expi'ctcd tl»at 
apparent motions of some kind or other should be detec'ted 
among so great a multitude of indi*. iduals scattered througli 
space, and with nothing to keep tliem fixed. Their mutunl 
attractions even, however mconc(‘i\ahly eidci^bled by dis- 
tance, and counteracted by opposing attractions from op- 
posite quarters, must in the lapse of* countless ages produce 
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♦ Phil. Trnns. I"]7, voh vx*. fo. 
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home moveiiierits — some change of Internal arrangement 
— resulting from the difference of tlie opposing actions. 
And it is a fact, that such apparent motions are really proved 
to exist by the exact observations of modern astrononjy. 
Thus, as we have scon, the two stars of 61 Cygni have 
remained constantly at the same, or very nearly the same, 
distance, of 15^', for at least fifty years past, altliougli 
they have shifted their local situation in the licaveiis, in 
this interval of time, througli no les's than 4' 23^'', the 
annual proper motion of each star being ; by which 
quantity (exceeding a third of their interval) this system is 
every year carried bodily along iu some unknown path, by 
a motion which, for many centuries, must be regarded as 
uniform and rectilinear. Among stars not double, and no 
way differing from the rest in any other obvious particular, 
e Indi*, Groomb. 1830, and /x Cassiopeiaj are to be remarked 
as having the greatest proper motions of any yet ascertaine<l, 
amounting respectively to 7"-74, 7"‘75 and 3"’74 of annual 
displacement. And a great many others have been observed 
to be thus constantly carried away from their places by 
smaller, but not less unequivocal motions.! 

(853.) Motions which require whole centuries to accimiu* 
late before they produce changes of arrangement, such as 
the naked eye can detect, though quite sufficient to destroy that 
idea of mathematical fixity which precludes speculation, are 
yet too trifling, as far as practical applications go, to induce 
a change of language, and lead us to speak of the stars in 
common parlance as otherwise than fixed. Small as they 
are, h(nvever, astronomers, once assured of their reality, have 
not been wanting in attempts to explain and reduce them 
to general laws. No one, who reflects witli due attention 
on the subject, will be inclined to deny the high pi^bability, 
nay certainty, that the sun as well as the stars must have a 
proper motion in some direc ion ; and the inevitable conse- 
rjuence of such a motion, if unparticipated by the rest, must 

♦ D'Arrost. Asir. Nachr., 618.; Argelander, Do. No. 475. 

I 'the reader may consult “a list of 314 stars having, or supposed to have, 
proper motion of not less than about 0"\5 of a great circle ” (per annum) by 
f hf )a1c F.*B;nly, E«j. Trans, /isL Soc, v. p. I 5H. 
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1)0 a. i<I()W averdffr jipparoiit tciidoncy of all tlic stars to tlie 
A aiiishing point of lines parallel to that direction, and to the 
legion which lie is leaving, liovvcver greatly individual stars 
might differ from sucli average by reason of tlieir own pecu- 
liar proper motion. Tliis is the necessary elfect of perspec- 
tive ; and it is certain that it must be detected by observa- 
tion, If we knew accurately the apparent proper motions of 
all the stars, and if we were sure that they were independent, 
i.e, that the whole firmament, or at least all that [lart which 
we see in our own iicighbourliood, were not drifting along 
together, by a general set avS it were, in one direction, the 
result of unknown processes and slow internal changes going 
on in the sidereal stratum to which our system belongs, as wc 
see motes sailing in a current of air, and keeping nearly the 
same relative situation with resjiect to one another. 

(854.) It was on tins assuii;i[4ion, tacitly made indeed, 
but necessarily implied in every step of his reasoning, that 
Sir William Herschel, in 178;h on a consideration of the 
apparent proper motions of such stars as could at that period 
be considered as tolerably (though still imperfectly) ascer- 
tained, arrived at the conclusion that a relative motion of the 
sun, among the fixed stars in the direction of a point or 
parallactic apex, situated near X Hercnlis, that is to say, in 
11 A. 17*^ 22-:=2()(f 34', N.P.D. 6:^43' (1790), would 
account lor the chief observed apparent motions, leaving, 
however, some still outstanding and not ex[>lical)le by this 
cause ; and in the same year Prevost, taking nearly the same 
view of the subject, arrived at a conclusion as to the solar 
apex (or [)oint of the sjihere towards which the sun relatively 
advances), agreeing nearly in polar distance with the fore- 
going, but differing from it about 27° in right ascension. 
Since that time methods of calculation have been improved 
and conclnnated, our knowledge of the proper motions of 
the stars has been rendered more precise, and a greater 
luimbor of cases of sucli motions have been recorded. The 
subject has been resumed by several eminent astronomers 
and mathematicians; viz. 1st, ]>y jVl Argclander, who, from 
the consideration of the jiropcr motions of 21 stars e^xceeding 
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r' per annum in arc, lias placed the solar apex in II. A. 
256"" 25', N. P. D. 51° 23'; from those of 50 stars between 
0"*5 and in 255° 10', 51° 26'; and from those of 319 
stars having motions between 0"’l and 0"*5 per annum, in 
26P IP, 59° 2': 2ndly, by M. Luhndahl, whose calculations, 
founded on the proper motions of 147 stars, give 262° 53', 
75° 34': and 3rdly, by M. Otto^Struve, whose result 261° 22', 
62° 24', emerges from a very elaborate discussion of the 
proper motions of 392 stars. All these* places are for a. d. 
1790. 

(855.) The most probable mean of the results obtained by 
these three astronomers, is (for the same epoch) K. A. = 259° 
9', N. P. D, 55° 23'. Their researches, however, extending 
only to stars visible in European observatories, it became a 
point of high interest to ascertain how far the stars of the 
southern hemisphere not so visible, treated independently 
on the same system of procedure, would corroborate or coii" 
trovert their conclusion. The observations of Lacaille, at the 
Cape of Good Hope, in 1751 and 1752, compared with those 
of Mi\ Johnson at St. Helena, in 1829-33, and of Henderson 
at the Cape in 1830 and 1831, have aifForded the means of 
deciding this question. The tavsk has been executed in 
a masterly manner by Mr. Galloway, in a j)aper published 
ill the Philosophical Transactions for 1841 (to whicli vve 
may also refer the reader for a more particular account of 
the liistory of the subject than our limits allow us to give). 
On comparing the records, Mr. Galloway finds eighty-one 
southern stars not employed in the previous investiga- 
tions above referred to, whose proper motions in the inte r- 
vals elaj)sed appear considerable enough to assure us th«at 
they have not originated in error of the earlier observa- 
tions. Subjecting these to, the saine process of conijflutation 
be concludes for the place of the solar apex, for 1790, as 
follows: viz. R. A. 260° 1', N. P. D. 55° 37', a result so 
‘nearly identical witli that afforded by the northern hemi- 
sphere, as to afford a full iconviction of its near approach to 
truth, and what may fairly be considered a demonstration of 
the pliysicSil cause assigned. 
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(856.) Of tlie mallieniatical conduct of this inquiry the 
nature of this work precludes our giving any account ; but 
ns the philosophical principle on which it is based has been 
misconceived, it is necessary to say a f(3W words in explana- 
tion of it. Almost all the greatest discoveries in astronomy 
have resulted from the consideration of what we have else- 
wdicre termed residual phaenomena*^ of a quantitative or 
mimerical kind, that is to say, of such portions of the nume- 
rical or quantitative results of observation as remnin out- 
standing and unaccounted for after subducting and allowing 
for all that would result from the strict application of known 
principles. It was thus that tlie grand discovery of the 
jjrecession of the equinoxes resulted as a residual pliainome- 
non, from the imperfect explanation of the return of the 
seasons by the return of the sun to the same apparent place 
among the fixed stars. Thus, also, aberration and nutation 
resulted as residual pha^nomena from that portion of the 
changes of the apparent place.s of the fixed stars wliich wns 
left unaccounted for by precession. And tlius again the 
apparent proper motions of the stars are the observed residuea 
of their apparent movements outstanding and unaccounted 
for by strict calculation of the effects of precession, nutation, 
and aberration. The nearest approach which human theories 
can make to perfection is to diminish this residue, this caput 
mortiium of observation, as it may be considered, as much as 
practicable, and, if possible, to reduce it to notliing, either 
by showing that something has been neglected in our estima- 
tion of known causes, or by reasoning upon it as a new fact, 
and on the principle of the inductive philosophy ascending 
from the effect to its cause or causes. On the suggestion of 
any new cause hitherto unresorted to for its explanation, our 
first object must of cours.e be to decide whether such a cause 
would produce such a result in kind : the next, to assign to 
it such an intensity as shall account for the greatest possible 
amount of the residual matter in hand. The proper motlorf 
of the sun being suggested as siich a cause, we have two 

* Discourse on the Study of Natural Philosophy. ( 1838 .) Cycfopn^dia, 

No. H. 
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things disposable — Its direction and velocity, both which it 
is evident, if they ever became known to us at all, can only 
be so by the consideration of the very phaenomenon in ques- 
tion. Our object, of course, is to account, if possible, for 
the whole of the observed proper motions by the proper 
assumption of these elements. If this be impracficable, what 
remains unaccounted for is a residue of a more recondite 
kind, but which, so long as it is unaccounted for, we muvSt 
regard as purely casual, seeing that, for anything we can 
perceive to the contrary, it might with equal ju'obability be 
one way as the other. The theory of chancels, therefore, 
necessitates (as it docs in all such cases) tlie a[)plication of 
a general mathematical process, known as the metliod of 
least squares,” which leads, as a matter of strict geometrical 
conclusion, to the values of the elements sought, which^ under 
all the circmnstances, are the most prohable, 

(857.) This is the process resorted to by all the geometers 
we have enumerated in the foregoing articles (art. 854,855), 
It gives not only tlic direction in space, but also the veheibj 
of the solar motion, estimated on a scale conformable to that 
in which the velocity of the sidereal motions to be explained 
are given; ie, in seconds of arc as subtended at the average 
distance of the stars concerned, by its annual motion in space. 
But here a consideration occurs which tends materially to 
complicate the problem, and to introduce into its solution an 
element depending on suppositions more or less arbitrary. 
The distance of the stars being, exce[)t in two or tliree in- 
stances, unknown, we are compelled either to restrict our 
inquiry to thesey whicli are too few to ground any result on, 
or to make some supposition as to the relative distances of 
the several stars employed. In this we have nothing but 
general probability to guide us, and^tvvo courses only present 
themselves, either, 1st, To class the distances of the stars 
according to their magnitudes, or apparent brightnesses, and 
"to institute separate and independent calculations for eacli 
class, including stars assurfted to be equidistant, or nearly so: 
or, 2dly, To class them according to the observed amount 
of their apparent proper inotiona, on the presumption that 
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those which appear to move fastest are really nearest to us. 
The former is the course pursued by M. Otto Struve, the 
latter by M. Argelandcr. With regard to this latter principle 
of classification, however, two considerations interfere with 
its applicability, viz, Isi, that we see the real motion of the 
stars foreshortened by the effect of perspective ; and 2dly, that 
that portion of the total apparent proper motion which arises 
from the real motion of the sun depends, not simply on the 
absolute distance of the star from the sun, but also on its 
angular apparent distance from the solar apex, being, emteris 
pai'ihus, as the sine of that angle. To execute such a clas- 
sification correctly, therefore, wc ought to know both these 
particulars for each star. The first is evidently out of our 
reach. AV^e are tliercfore, for that very reason, compelled to 
regard it as casual, and to assume that on the average of a 
great number of stars it would be uninflueiitial on the result. 
But the second cannot bo so summarily disposed of. By the 
aid of an approximate knowledge of the solar apex, it is true, 
ajiproximate values may be found of the simply apparent 
portions of the proper motions, supposing all the stars equi- 
distant, and these being subducted from the total observed 
motions, the residues might afford ground for the classifi cation 
in question,* This, however, would be a long, and to a cer- 
tain extent precarious system of procedure. On the other 
hand, the classification by apparent brightness is open to no 
such difficulties, since we are fully justified in assuming that, 
on a general average, the brighter stars are the nearer, and 
that the exceptions to this rule are casual in that sense of 
the word which It always bears in such inquiries, expressing 
solely our Ignorance of any ground for assuming a bias one 
way or other on either side of a determinate numerical rule. 
In Mr. \3alloway’s discus/?ion of the southern stars the con- 
sideration of distance Is waived altogether, which is equivalent 
to an admission of complete ignorance on this point, as well 

• M. Argelander’s classes, however, are constructed without reference to this 
consideration, on the sole basis of the total apparent amount of proper motion, 
and are, therefore, pro tantOf questionable. It is the more satisfactory then to 
find so considerable an agreement among his partial results as actually obtains. 
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as respecting the real directions and velocities of tlie indi- 
vidual motions. 

(858.) The velocity of the solar motion which results from 
M. Otto Struve’s calculations is such as would carry it over 
an angular subtense of 0^^*3392 if seen at right angles from 
the average distance of a star of the first magnitude. If we 
take, with M. Struve, senior, the parallax of such a star as 
probably equal to 0'^’209'*, we shall at once be enabled to 
compare this annual motion with the rfidius ,of the earth’s 
orbit, the result being 1*623 of such units. The sun then 
advances through space (relatively, at least, among the stars), 
carrying with it the whole planetary and cometary system 
with a velocity of 1*623 radii of the earth’s ()rl)itt, or 
lo4,lS/),0()0 miles pe)' annum^ or 422,000 miles (that is to 
say, niiarly its own semi-diameter) diem: in other words, 
with a velocity a very little greater than one-fourth of the 
earth’s annual motion in its orbit. 

(859.) Anotlier generation of astronomers, perha]>s many, 
must pass away before we are in a condition to decide from 
a more precise and extensive knowledge of the proper motions 
of the stars than we at present possess, how far the directic^w 
and velocity above assigned to the solar motion deviates from 
exactness, whether it continue uniform, and whether it show 
any sign of deflection from rectilinearity ; so as to hold out 
a prospect of one day being enabled to trace out an arc of 
the solar orbit, and to indicate the direction in Avhicli the 
preponderant gravitation of tlie sidereal firmament is urging 
the central body of our system. An analogy for such devia- 
tion from uniformity would seem to present itself in the 
alleged existence of a similar deviation in the proper motions 
of Sirius and Procyon, both which stars are considered to 
liave varied sensibly in this respect within the limits of au- 
thentic and dependable observation. Such, indeed, would 
appear to be the amount of evidence for this as a matter of 
fact as to have given rise to a speculation on the probable 
circulation of these star^ round opaque (and therefore in- 

* Etudes d’i^stronomie Stellaire, p. 107. 

t Mr. Airy (Mem. Ast. Soc. xxviii) makes this velocity uateviaily greater* 
See. Ii<»\vever, Note ( E)* 
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visible) bodies at no great distances from them respectively, in 
the manner of binary stars : [and it has been recently shown 
by M. Peters (Ast. Nachr. 748.) that, in the case of Sirius^ 
such a circulation, performed in a period of 50*093 years 
in an ellipse whose excentricity is 0*7994, the perihelion 
passage taking place at the epoch a. d. 1791*431, would 
reconcile the observed anomalies, and reduce the residual 
motion to uniformity. See Note J. 

(860.) The whole of the reasoning upon which the deter- 
mination of the solar motion in space rests, is based upon the 
entire exclusion of any law either derived from observation 
or assumed in theory, affecting the amount and direction of 
the real motions botli of the sun and stars. It supposes an 
absolute non-recognition, in those motions, of any general 
directive cause, such as, for example, a common circulation 
of all abcnit a common center. Any such limitation intro- 
duced into the conditions of the problem of the solar motion 
would alter in toto both its nature and the form of it§ solution. 
Suppose for instance that, conformably to the speculations of 
several astronomers, the whole system of the Milky Way, 
including our sun, and the stars, our more immediate neigli- 
boLirs, which constitute our sidereal firmament, should have a 
general movement of rotation in the plane of the galactic circle 
(any other would be exceedingly improbable, indeed hardly 
reconcilable with dynamical principles), being held together in 
opposition to the centrif ugal force thus generated by the mutual 
gravitation of its constituent stars. Except \v <3 at the same 
time admitted that the scale on which this movement pro- 
ceeds is so enormous that all the stars whose pro}>er motions 
we include in our calculations go together in a body, so far 
as that movement is concerned (as forming too small an in- 
tegrant ^portion of the whole to differ sensibly in tlieir re- 
lation to its central point); we stand precluded from drawing 
any conclusion whatever, not only respecting tlie absolute 
motion of the sun, but respecting even its relative movement 
among tlvose stars, until we have established some law, or at 
all events framed some hypothesis having the provisional force 
of a law, connecting the whole, or a part of the motion of 
each individual with its situation in space. 
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(861.) Speculations of this kind have not been wanting 
in astronomy, and recently an attempt has been made by 
M. Madler to assign the local center in space, round vvhicli 
the sun and stars revolve, which he places in the group of the 
Pleiades, a situation in itself utterly improbable, lying as it 
does no less than 26® out of the plane of the galactic 
circle, out of which plane it is almost inconceivable that any 
general circulation can take place. In the present defective 
state of our knowledge respecting the proper motion of the 
smaller stars, especially in right ascension, (an element for the 
most part far less exactly ascertainable than the polar dis- 
tance, or at least which has beem hitherto far less accurately 
ascertained,) we cannot but regard all attempts of the kind 
as to a certain extent premature, though by no means to be 
discouraged as forerunners of something more decisive. The 
question, as a matter of fact, whether a rotation of the 
galaxy in its own plane exist or not might Ijc at once re- 
solved by the assiduous observation both in li. A. and polar 
distance of a considerable number of stars of the IVIilky Way, 
judiciously selected for the purpose, and inclnding all mag- 
nitudes, down to the smallest distinctly identifiable, and 
capable of being observed with normal accuracy : and we 
w^ould recommend the incpiiry to the special attention of 
directors of permanent observatories, provided with adequate 
instrumental means, in both hemispheres. Tliirty or forty 
years of observation persevex-ingly directed to the object in 
view, could not fail to settle the qiiestion.^ 

(802.) The solar motion through space, if real and not 
simply relative, must give rise to uranographical corrections 
analogous to parallax and a!)erratIon. The solar or systematic 
parallax is no other than that part of the proper motion of 
eacli star which is simply apparent, arising from tlie sun’s 
motion, and until the distances o5 the stars be known, must 

* An examination of the proper motions of the stars of the U. Assoc. Catal, 
in the portion of the Milky Way nearest eitlier pole (whi-re the motion should 
be almost wholly in R A) indicates no distinct symptom of such a rotation. If 
the question be taken up fiind:»*tientally, it will involve a redeteniuiiation from 
the recorded proper motions, both of the precession of the equinoxes and the 
change of obliquity of the ecliptic. 
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remain inextricably mixed up with the other or real portion. 
The systematic aberration, amounting at its maximum (for 
stars 90® from the solar apex) to about 6" displaces all tlic 
stars in great circles diverging from that apex through angles 
proportional to the sines of their respective distances from it. 
This displacement, however, is permanent, and therefore 
uncognizable by any plncnomenon, so long as the solar motion 
remains invariable ; but should it, in the course of ages, 
alter its direction and velocity, both the direction and amount 
of the displacement in question would alter with it. The 
change, however, would become mixed up with other changes 
in the apparent proper motions of the stars, and it would 
seem hopeless to attempt disentangling them. 

(863.) A singular, and at first sight paradoxical effect of 
the progressive movement of light, combined with the proper 
motion of the stars, is, that it alters the apparent periodic 
time in which the individuals of a binary star circulate about 
each other.* To make this apparent, suppose them to cir- 
culate round each other in a plane perpendicular to tlic 
visual ray in a period of 10,000 days. Then if botli the sun 
and the center of gravity of the binary system remained fixed 
in space, the relative apparent situation of the stars would 
be exactly restored to its former state after the lapse of this 
interval, and if the angle of position were 0® at first, after 
10,000 days it would again be so. But now suppose that 
the center of gravity of the star were in the act of receding 
in a direct line from the sun with a velocity of one-tenth 
part of the radius of the earth’s orbit 'per diem. Then at the 
expiration of 10,000 days it would be more remote from us 
by 1000 such radii, a space which light would require 5’7 days 
to traverse. Although really, therefore, the stars would 
have arrived at the position 0® at the exact expiration of 
10,000 days, it would require 5*7 days more for the notice 
of that fact to reach our system. In other words, the period 
would appear to us to be 10,005’7 days, since we could only 
conclude the period to be completed when to us as observers 
the original angle of position w^ae aga*in restored, A contrary 
motion would produce a contrary cirect. 

^ Astronomisciu? Nacbrichlon, No, /J‘20. by tlio Author. 
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CHAPTER XVIL 

OF CLUSTERS OF STARS AND NEBULA. 

OP CLUSTEUING GROUPS OE STARS. — GLOBULAR CLUSTERS. — THEIR 
STABILITY DYNASTICALLY POSSIBLE. LIST OF THE MOST REMARK- 

ABLE, — CI-ASSIFIOATION OP NEBULA AIJO CLUSTERS. . — THEIR 

DISTRIBUTION OVER THE HEAVENS. IRREGULAR CLUSTERS. 

RESOLVABILITY OF NEBULA. THEORY OF THE FORMATION OF 

CLUSTERS BY NEBULOUS SUBSn>ENCE. — OF ELLIPTIC NEBULA. 

THAT OF ANDROMEDA. ANNULAR AND PLANETARY NEBULA. 

DOUBLE NEBULA. — NEBULOUS STARS. — CONNEXION OF NEBULA 

WITH DOUBLE STARS. INSULATED NEBULAS OF FORMS NOT 

WHOLLY IRREGULAR. — OF AMORPHOUS NEBULA:. THEIR LAW 

OF DISTRIBUTION MARKS THEM AS OUTLIERS OF THE GALAXY. 

nebula:, and nebulous group of ORION — OF ARGO OF 

SACHTTARIUS — OF CYGNUS. THE MAGELLAKIG CLOUDS. SIN- 
GULAR NEBULA IN THE GRKATJUl GF THEM. VARIABLE NE- 

BU la:. THE ZODIACAL LIGHT. — SHOOTING STARS. SPECULA- 

TIONS ON THE DYNAMICAL ORIGIN OF THE SUN’S HEAT. 

(864.) When we cast our eyes over the concave of the 
heavens in a clear night, we do not fail to observe that here 
and tliere arc groups of stars which seem to be comjiressed 
together in a more condensed manner than in the neighbour- 
ing parts, forming bright patches and clusters, whicli attract 
attention, as if they were there brought together by some 
general cause other than casual distribution. There is a 
group, called the Pleiades, in which six or seven stars may be 
noticed, if the eye be directed full upon it ; and many more 
if the eye be turned carelessly aside^ while the attention is kejil 
directed* upon the group. Telescopes show fift/ or sixty 

• It is a very remarkable fact, that the center of the visual area is far less 
sensible to feeble impressions of light, than the exterior portions of the retina. 
.P'ew persons are aware of the extent to which this comparative insensibility 
extends, previous to trial. To estimate it, let the reader look alternately 
full at a star of the fifth magnitude, and beside it; or choose two, equally 
bright, and aliout 3^ or 4^ apart, and look full at one of them, the probability 
is. he will see onUj the other. The fact accounts tm* the multitude of stars with 
M hicli wc aVe impressed by a general view of the heavens; their paucity when we 
some to count them. 
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large stars thus crowded together in a very moderate space, 
comparatively insulated from the rest of the heavens. The 
constellation called Coma Berenices is another such group, 
more diffused, and consisting on the whole of larger stars. 

(865.) In the constellation Cancer, there is a somewhat 
Eirailar, but less definite, luminous spot, called Pnesepc, or 
the bee- hive, which a very moderate telescope, — an ordinary 
night-glass for instance, — resolves entirely into stars. In 
the sword-handle of, Perseus, also, is another such spot, 
crowded with stars, which requires rather a better telescope to 
resolve into individuals separated from each other. These 
are called clusters of stars ; and, whatever be their nature, it 
is certain that other laws of aggregation subsist in these spots, 
than those which have determined the scattering of stars over 
the general surface of the sky. This conclusion is still more 
strongly pressed upon us, when we come to bring very 
powerful telescopes to bear on these and similar spots. There 
are a great num\)cr of objects which have been mistaken for 
comets, and, in fict, have very much the appearance of comets 
without tails: small round, or oval nebulous specks, which 
telescopes of moderate power only show as such. Messier 
has given, in the Connois. des Temps for 1784, a list of the 
places of 103 olyccts of this sort ; which all those who search 
for comets ouglit to be familiar with, to avoid being misled 
by their similarity of appearance. That they are not, however, 
comets, ilicir fixity sufiiciently proves ; and when we come 
to examine them with instruments of great power, — sncli as 
reflectors of eighteen inches, two feet, or more in aperture, — 
any such idea is completely destroyed. They are then, for 
the most part, perceived to consist entirely of stars crowded 
together so as to occupy almost a definite outline, and to run 
up to a bljize of light in the centre, where their condensation 
is usually the greatest, 1. pi. IT., which represents 

(somewhat rudely) the thirteenth nebula of Messier’s list 
(described by him as nebuleiise sans etoiIes\ as seen in a 
reflector of 18 inches aperture and 20 feet focal length.) 
Many of them, indeed, are of an exactly round figure, and 
convey the complete idea of a globular space filled full oi 
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stars, insulated in the heavens, and constituting hi itself a 
family or society apart from tlie rest, and subject only to its 
own internal laws. It would be a vain task to attempt to 
count the' stars in one of these globular clusters. They 
are not to be reckoned by hundreds; and on a rough cal- 
culation, grounded on the apparent intervals between them 
at the borders, and the angular diameter of the whole group, 
it would appear that many clusters of this description must 
contain, at least, five thousand stars, compacted and wedged 
together in a round space, whose angular diameter does not 
exceed eight or ten minutes ; that is to say, in an area not 
more than a tenth ^part of that covered by the moon. 

(866.) Perhaps it may be thought to savour of the gigan- 
tesque to look upon tlie indlvicluaU of such a group as suns 
like our own, and their mutual distances as ccpial to those 
which separate our sun from the nearest fixed star : yet, 
when we consider that their united lustre affects the eye with 
a less impression of light than a star of the fourth magnitude, 
(for the largest of these clusters is barely visible to the naked 
eye,) the idea we are thus compelled to form of their distance 
from us may prepare us for almost any estimate of their 
dimensions. At all events, we can hardly look iq)on a group 
thus insulated, thus in seipso totus, teres^ atque rotundas^ as 
not forming a system of a peculiar and definite cliaractcr. 
Their round figure clearly indicates the existence of some 
general bond of union in the nature of an attractive force ; 
and, in many of them, there is an evident acceleration in 
the rate of coiidensati(m as we approach the center, which 
is not referable to a merely uniform distribution of equidistant 
stars through a globular space, but mai ks an intrinsic density 
in their state of aggregation, greater in the center than at 
the surface of the mass. It is difficult to form ar^y concept 
fcion of the dynamierd state of su*ch a system. On the one 
hand, without a rotatory motion and a centrifugal force, it is 
hardly possible not to regard them as in a state of progressive 
collaj^se. On the other, granting such a motion and sucli a 
force, we find it no less difficult to reconcile the appanuTt 
sphericity of their form with a rotation of the whole system 
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round any Bingle axis, witliout which internal collisions might 
i^t first sight appear to be inevitable. If we suppose a 
globular space filled witli equal stars, uniformly dispersed 
through it, and very numerous, each of them attracting 
every other with a force inversely as the square of the 
distance, the resultant force by which any one of them (those 
at the surface alone excepted) will be urged, in virtue of 
their joint attractions, will be directed towards the common 
renter of the sphere^ and will be directly as the divStance 
therefrom.- This follows from what Newton has proved of 
the iuternal attraction of a homogeneous sphere. (Sec also 
note on Art. 735.) Now, under such a law of force, each 
particular star would describe a perfect ellipse about the 
common center of gravity as its center, and that^ in whatever 
plane and whatever direction it might revolve. The con- 
dition, therefore, of a rotation of the cluster, as a mass, about 
a single axis would be unnecessary. Each ellipse, whatever 
might be the proportion of its axis, or the inclination of its 
plane to the others, would be invariable in every particiilary 
and all would be (lescril)ed in one common period, so that at 
the end of every such period, or (mans maymi% of the system, 
every star of the cluster (except the superficial ones) would 
be exactly re-established in its original position, thence to set 
out afresh, and run the same unvarying round for an in- 
definite succession of ages. Supposing their motions, there- 
fore, to be so adjusted at any one moment as that the orbits 
should not intersect each other, and so that the magnitude of 
each star, and the sphere of its more intense attraction, sliould 
bear but a small proportion to the distance separating the 
Individuals, such a system, it is obvious, might subsist, and 
realize, in great measure, that abstract and ideal harmony, 
which Nawton, in the 89th Proposition of the First Hook 
of the Principia^ has showh to characterize a law of force 
directly as the distance.* 

(867.) The following are the places, for 1830, of the 
principal of these remarkable objects, as specimens of their 
class : - 

See also Qnartnlif Reviea;^ No, 94. p. .>10. • 



CLASSIFICATION OF NEBULiE. 


037 


R, A. 

N. l\ 

D, 

U. A. 

N. P. 

1). 

R. A. 

N. P, 

D. 

h; 

m. 

a. 

o 

/ 

h. 

m. 

s. 

o 

t 

h. 

m. 

H, 

O' 


0 

16 

25 

163 

2 

15 

9 

56 

87 

16 

17 

26 

51 

143 

34 

9 

8 

33 

154 

10 

15 

34 

56 

127 

13 

17 

28 

42 

93 

8 

12 

47 

41 

159 

57 

16 

6 

55 

112 

33 

11 

26 

4 

114 

2 

13 

4 

30 

70 

55 

16 

23 

2 

102 

40 

18 

55 

49 

150 

14 

13 

1C 

38 

136 

35 

16 

35 

37 

53 

13 

21 

21 

43 

78 

84 

13 

34 

JO 

60 

46 

16 

50 

24 

119 

51 

21 

24 

40 

91 

34 


Of these^ by far the most conspicuous and remarkable is 
fD Centauri the fifth of the list in order of Kight Ascension. 
It is visible to the naked eye as a dim round cometic object 
about equal to a star 4*5 m., though probably if concentered 
in a single point, the impression on the eye would be much 
greater. Viewed in a powerful telesco{)e it appears as a globe 
of fully 20' in diameter, very gradually increasing In l)right ncss 
to the center, and composed of innumerable stars of the 13th 
and 15th magnitudes (the former probably being two or more 
of the latter closely juxtaposed). Tlic 1 1th in order of the 
list (R. A. IG^ 35®) is also visible to the naked eye in verj/ 
fine nights, between tj and f Ilerculis, and is a superb object 
in a large telescope, Jlotli were discovered by Halley, the 
former in 1677, and the latter in 1714. 

(868.) It is to Sir William Herschel that we owe the most 
complete analysis of the great variety of those objects which 
are generally classed under the common head of Nebulae, but 
which have been separated by him into — 1st. Clusters of 
stars, in which the stars arc clearly distinguisluible ; and tliese, 
again, into globular and irregular clusters ; 2d. Ilcsolvablc 
nebulae, or such as excite a suspicion that they coiisslst of stars, 
and which any increase of the optical power of the telescope 
may be expected to resolve into distinct stars; 3d. Ncbtihe, 
properly so called, in which there is no appearance whatever 
of stars; which, again, have beep^ subdivided into subordinate 
classes, nccording to their brightness and size; 4th. Planetary 
nebulic ; 5th. Stellar nebulae ; and, 6th. Nebulous stans. 
The great power of bis telescopes disclosed the existence 
of an immense numbei* of these objects before unknown, and 
showed them to be distributed over the heavens, not by any 
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ruejins uniforiiilyj but with a marked preference to a certahi 
district, extending over the northern pole of the galactic 
circle, and occupying the constellations Leo, Leo Minor, the 
body, tail, and hljid legs of Ursa Major, Canes Venatici, 
Coma Berenices, the preceding leg of Bootes, and the head, 
wings, and shoulder of Virgo. In this region, occui)ying 
about one-eighth of the whole surface of the s{)here, one-third 
of the entire nebulous contents of the heavens arc con- 
gregated. On the other hand, they are very sparingly 
scattered over the constellations Aries, Taurus, the head and 
shoulders of Orion, Auriga, Perseus, Canieioptirdalus, Draco, 
Hercules, the northern part of Serpentarius, the tail of 
Serpens, that of Aquila, and the Avhole of Lyra. The hours 
3,4, 5, and 16, 17, 18, of right ascension in the northern 
hemisphere are singularly poor, and, on the other hand, the 
hours 10, 11, and 12 (but especially 12), extraordinarily rich 
in these objects. In tlic southern hemisphere a nmcli greater 
imifonnity of distribution prevails, and with exception of 
two very remarkable centers of accuimdation, called the 
Magellanic clouds (of which more presently), there is no 
very decided tendency to their assemblage in any particular 
region. 

(869.) Clusters of stars are either globular, such as we 
have already dcscrjl)ed, or of irregular figure. These latter 
are, generally speaking, less rich in stars, and especially less 
coiulensed towards the center. They are also less definite in 
outline; so tliat It is often not easy to say where they 
terminate, or whether they are to be regarded otherwise than 
as merely richer parts of the lu‘avenvS than those around 
them. Many, indeed the greater proportion of them, arc 
situated in or close on the borders of the Milky Way. 
In some of them the stars are nearly all of a size, in 
others extremely different ; and it is no uncommon thing to 
find a very red star much brighter than the rest, occupying 
a conspicuous situation in them. Sir William Herschel 
regards these as globular clusters in a Jess advanced state of 
condensation, conceiving all such groups as approaching, by 
their mutual attraction, to the globular figure, and assc'inbling 
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themselves together from all tlie surrounding region, under 
laws of which we have, it is true, no other proof than the 
observance of a gradation by whicli their characters shade 
into one another, so that it is impossible to say where 
one species ends and the other begins. Among the most 
beautiful objects of this class is that which surrounds tlie star 
K Crucis, set down as a nebula by Lacaille. It occupies an 
area of about one 48th part of a s<|uare degree, aiid consists 
of about 110 stars from the 7th magnitude downwards, eight 
of the more conspicuous of which are coloured with various 
shades of red, green, and blue, so as to give to the whole the 
appearance of a rich piece of jewellery. 

(870.) llesolvable iiebulie can, ol‘ course, only be con- 
sidered as clusters either too remote, or consisting of stars 
intrinsically too faint to affect us by their individual light, 
unless where two or three happen to be close enougli to make 
a joint impression, and give the idea of a point brighter than 
tlic rest. They arc almost universally round or oval — their 
louse appendages, and irregularities of form, being as it were 
extinguished by the distance, and the only general figure of 
the more condensed parts being discernible. It is under the 
appearance of objects of this character that all the greater 
globular clusters exhibit themselves in telescopes of insuflicient 
optical power to show them well; and tlie conclusion is 
obvious, that those which the most powerful can barely render 
resolvable, and even those whicli, with such powers as are 
usually applied, show no sign of being composed of stars, 
w'ould be completely resolved by a further increase of optical 
power. In hict, this probability has almost been converted 
into a certainty by the magnificent reflecting telescope con- 
structed by liord Kosse, of six feet in aperture, which has 
resolved or rendered resolvable multitudes of ne^uhe which 
had resisted all inferior powers. * The subrnnlty of the spec- 
tacle afforded by that instrument of some ol‘ the larger globular 
and other clusters enumerated in the list given in Art. 867. 
is declared by all who have witnessed it to be such as no 
words can express, 

(87 L) Although, therefore, nebulae do exist, which even in 
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this powerful telescope appear as iiebiilx', without any sign of 
resolution, it may very reasonably b<j doubted whether thci c 
be really any essential physical distinction bt^tween nel>ula*, 
and clusters of stars, at least in the nature of the matter of 
which they consist, and whether the distinction between such 
ncbiilaj as are easily resolved, barely resolvable with excellent 
telescopes, and altogether irresolvable with the best, be any 
thing else than one of degree, arising merely from the ex- 
cessive minuteness and multitude of the stars, of wlilch the 
latter, as compared with the former, consist. Tlie first 
impression which Halley, and other early discoverers of 
nebulous objects leceived from their peculiar aspect, so dif- 
ferent from the keen, concentrated light of mere stars, was 
that of a phosphorescent vapour (like the matter of a comet’s 
tail) or a gaseous and (so to speak) elementary ibrin of lumi- 
nous sidereal matter.* Admitting the existence of such a 
medium, dispersed in some cases irregularly through vast 
regions in space, in others confined to narrower and more 
definite limits, Sir W. llerschel was led to speculate on its 
gradual subsidence and condensation by the effect of its own 
gravity, into more or less regular spberical or s|)}icroidal 
forms, denser (as they must in that case be) towards the 
center. Assuming that in the progress of tliis sulisidcnce, 
local centers of condensation, subordinate to the general 
tendency, would not be wanting, he conceived that in this 
way solid nuclei might arise, whose local gravitation still 
further condensing, and so absorbing tlic nebulous matter, 
each in its immediate neighbourhood, might ultimately become 
Stars, and the wdiole nebula finally take on tlie state of a 
cluster of stars. Among the multitude of nebuhe revealed 
by Ills telescopes, every stage of this process might be con- 
sidered as displayed to our eyes, and in every modification of 
form to which the general principle might bo conceived to 
apply. The more or less advanced state of a nebula towards 
its segregation into discrete stars, and of these stars them- 
selves towards a denser state of aggrepition round a central 
nucleus, would thus be in some sort an indication of age 

• Halley, Phil. Trans., xxix, p. 39CX 
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Neitlior is there any variety of aspect whicli iic])ula 3 offer, 
which stands at all in contradiction to this view. Even 
tliougli we should feel ourselves compelled to reject the idea 
of a gaseous or vaporous nebulous matter,” it loses little 
or none of its force. Subsidence, and the central aggregation 
consequent on subsidence, may go on quite as well among a 
multitude of discrete bodies under the influence of mutual 
attmetion, and feeble or partially opposing projectile motions, 
as among the particles of a gaseous fluid. ^ 

(872.) The '•'^nebular hypothesise^ as it has been termed, 
find tlie theory of sidereal aggregation stand, in fact, (jiiite 
independent of each other, the one as a physical conception 
of processes which may yet, for aught we know, have 
formed part of that mysterious chain of causes and effects 
antecedent to the existence of sc{)arate self-lumino«is solid 
bodies; the other, as an application of dynamical principles to 
cases of a very complicated natiu’e no doubt, but iu which 
the possibility or impossibility, at least, of certain general 
results may be determined on perfectly legitimate princij)lcs. 
Among a cxx)wd of solid bodies of whatever size, animated 
l)y independent and partially opposing impulses, motions 
opposite to each other must produce collision, destruction of 
velocity, and subsidence or near approach towards the center 
of preponderant attraction; while those wlvich cons[)ire, or 
which remain outstanding after such conflicts, must ultimately 
give rise to circulation of a permanent character. Whatever 
we may think of such collisions as events, there is nothing 
in this conception contrary to sound mechanical priiuajdes. 
It will be recollected that the appearance of central con- 
densation among a multitude of separate bodies in motion, 
by no means implies permanent proximity to the center in 
each; any more than the habitually crowded state of a 
market place, to which a large proportion of the Inlnibltants 
of a town must frequently or occasionally resort, iniplics the 
permanent residence of each individual within its area. It 
is a fact that clusters thus centrally crowded do exist, and 
therefore the conditions of* their existence must be dynamically 
possible, and in what has been said we may at least perceive 

T T 
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some glimpses of the manner in which they are so. The 
actual intervals between the stars, even in the most crowded 
parts of a resolved nebula, to be seen at all by us, must be 
enormous. Ages, which to us may well appear indefinite, 
may easily be conceived to pass without a single instance of 
collision, in the nature of a catastrophe. Such may have 
gradually become rarer as the system has emerged from what 
must be considered its chaotic state, till at length, in the 
fulness of time, and under the pre-arranging guidance of that 
Design wliich pervades universal nature, each individual 
may have taken up such a course as to annul the possibility 
of furtber destmetive interference. 

(873.) But to return from the regions of speculation to 
the description of fixets. Next in regularity of form to the 
globular clusters, whose consideration has led us into thib 
digression, are elliptic nebulm, more or less elongated. And 
of these it may be generally remarked, as a fact undoubtedly 
connected in some very intimate manner with the dynamical 
conditions of their subsistence, that such nebulae are, for tlie 
most part, beyond comparison more difficult of resolution 
tliaii those of globular form. They arc of all degrees of 
excentricity, from moderately oval forms to ellipses so elon- 
gated as to be almost linear, which are, no doubt, edge-views 
of very flat ellipsoids. In all of them the density in- 
creases towards the centre, and as a general law it may be 
remarked that, so far as we can judge from their telescopii*. 
appearance, their internal strata approach more nearly to the 
8|)herical form tlian tlielr external. Their resolvability, too, 
is greater in the central parts, whether owing to a real 
superiority of size in the central stars or to the greatc]- 
frequency of cases of close juxta-position of individuals, sn 
that two or three united appear as one. In some the con- 
densation is slight and gradual, in others great and sudden ; 
so sudden, indeed, as to offer the appearance of a dull and 
blotted star, standing in the midst of a fixint, nearly equable 
elliptic nebulosity, of which two remarkable specimens occitr 
in R. A. 12*^ 10^ 33% N.P.D. 4r 46% and in 13“ 27“ 28% 
119*^ 0'(1830> 



NEBULA 0¥ ANDUOifEDA. 


643 


\^874.) The largest and finest specimens of elliptic nebuUe 
which the heavens afford are that in the girdle of Andromeda 
(near the star p of that constellation) and that discovered in 
1783, by Miss Carolina Herschel, in li. A. 0^ 39“ 12% iSj.P.I). 
116® 13% The nebula in Andromeda (Plate IL fig* 3*) 
is visible to the naked eye, and is continually mistaken for 
a comet by those unacxiuainted with the heavens. Simon 
Marius, who noticed it in 1612 (though it appears also to 
have been seen and described as oval, irr 995), describes its 
appearance as that of a candle shining tlirough horn, and the 
resemblance is not inapt. Its form, as seen through ordinary 
telescopes, is a pretty long oval, increasing by insensible 
gradations of briglitncss, at first veiy gradually, but at last 
more rapidly, up to a central point, wliich, though very much 
brighter than the rest, is decidedly not a star, but nebula 
of the same general character with the rest in a state of 
extreme condensation. Casual stars arc scattered over it, 
but with a reflector of 18 inches in diameter, there is nothing 
to excite any suspicion of its consisting of stars. Examined 
with instruments of superior defining power, however, the 
evidence of its resolvability into stars, may be regarded 
as decisive. Mr. (I. P. Bond, assistant at the observatory 
of Cambridge, IT. S., describes and figures it as extending 
nearly 2|® in length, and upwards of a degree in breadth (so 
as to include two other smaller adjacent ncbula3), of a form, 
generally speaking, oval, but with a considerably protube- 
rant irregularity at its north following extremity, very 
suddenly condensed at the nucleus almost to the semblance 
of a star, and though not itself clearly resolved, yet thickly 
sown over with visible minute stars, so numerous as to allow 
of 200 being counted within a field of 20' diameter in the 
richest parts. But the most remarkable feature *in his 
description is that of two perfectly straight, narrow, and com- 
paratively or totally obscure streaks which run nearly the 
whole length of one side of the nebula, and (though slightly 
divergent from each other) nearly parallel to its longer 
axis. These streaks (which obviously indicate a stratified 
structure \n the nebula, if, indeed, they do not originate in 

T T 2 
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the interposition of imperfectly transparent matter between 
ns and it) are not seen on a general and cursory view of the 
nebula ; they require a ttention to distinguish them*, and this 
circumstance must be borne in mind when Inspecting the very 
extraordinary engraving which illustrates Mr. Bond’s account. 
The figure given in our Plate II. fig. 3., is from a rather 
iiasty sketch, and makes no pretensions to exactness. A 
similar, but much more strongly marked case of parallel 
arrangement than that noticed by Mr. Bond In this, is one in 
wliicli the two semi-ovals of an clllptically formed nelnila 
appear cut asunder and separated by a broad obscui’c band 
parallel to the longer axis of the nebula, in the midst of 
which a fiiiut streak of light parallel to the sides of the cut 
appears, is seen in the southern hemisphere In 11. A. 13^^ 15^"’ 
31% N.P.D. 132° 8 ' (1830> The nebuhe in 12 ^ 27^“ 3% 
63° 5% and 12*^ 3P^ 11% 100° 40' present analogous features. 

(875.) Annular ncbulic also exist, but arc among the rarest 
olyects in the heavens. The most conspicuous of this class 
is to be found almost exactly halfway between /3 and 7 Lyra?, 
and may be seen with a telescope of moderate power. It is 
small and })articularly well defined, so as to have more the 
appearance of a flat oval solid ring than of a nebula. The axes 
of the ellipse are to each other in the pro{)oition of about 
4 to 5, and the opening occupies about half or rather more 
than half the diameter. The central vacuity is not quite 
dark, but is filled in with faint nebula, like a gauze stretclual 
over a hoo}). The powerful telescopes of Lord Rosse resolve 
this object into excessively minute stars, and show filaments 
of stars adhering to its edges. | 

(876. "y Planetary nebul.^ are very extraordinary ob- 
jects. They have, as their name imports, a near, in some 
instances^ a perfect resemblance to planets, presenting disc^ 
round, or slightly oval, m some qxiite sharply terminated, 


♦ Trans. American Acad., vol. iii. p. 80 . 
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In others a little hazy or softened at the borders. Their 
light is in some perfectly equjible, in others mottled and of 
a very peculiar texture^ as if curdled. They arc compara- 
tively rare objects, not above four or five and twenty liaving 
been hitherto observed, and of these nearly three fourths are 
situated in the southern hemisphere. Being very interesting 
objects we subjoin a list of the most remarkable.^ Among 
these may be more particularly specified the sixth in order, 
situated in the Cross. Its light is about equal to that of a 
star of the 6*7 magnitude, its diameter about 12", its disc 
circular or very slightly elliptic, and with a clear, sharp, well- 
defined outline, having exactly the appearance of a planet 
with the exception only of its colour, which is a fine and full 
blue verging somewliat upon green. And it is not a little 
remarkable that this phsenomenon of a blue colour, which is 
so rare among (except when in the immediate proxi- 

mity of yellow stars) occurs, though less strikingly, in three 
other objects of this class, viz. in No. 4, whose colour is sky- 
blue, and in Nos. 11 and 12, where tlic tint, though paler, is 
still evident. Nos. 2, 7, 9, and 12, arc also exceedingly 
characteristic objects of this class. Nos. 3, 4, and 11 (the 
latter in the parallel of v Aquarii, and about 5™ preceding 
that star), arc considerably elliptic, and (respectively) about 
38", 30" and 15" in diameter. On the disc of No. 3, and 
very nearly in the center of the ellipse, is a star 9m, and 
the texture of its light, being velvety, or as if foruKHl of fine 
dust, clearly indicates its resolvability into stars. The largest 
of these objects is No. 5, situated somewhat south of the 
parallel of yS Ursie Majoris and about 12"^ following that 
star. Its apparent diameter is 2' 40", wliicli, su|)posing it 

• Places for 18^0 of tw'elve of the most j'cniarkablc planetary nebula*. 


II. A. N.P.D. 

R.A. N.P.D. 

«.A. N.P.D. 

h. m. s. ^ ^ 

1. ■ 7 SI 2 ^-104 20 

2. 9 16 39 147 3.5 

3. 9.59 52 129 36 

•1. 10 16 :l6 107 47 

h. ui. s. ® * 

5. l> 4 49 34 4 

6. ll 41 56 116 14 

7, 15 5 18 135 1 

8, 19 10 9 83 16 

h. m. s. ® ' 

9. 19 34 21 104 33 

10. 19 40 19 39 54 

11.20 54 53 102 2 

12. 2.3 17 44 48 24 
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placed at a distance from us not more than that of 61 
Cygni, would imply a linear one seven times greater than 
that of the orbit of Neptune. The light of this stupendous 
globe is perfectly equable (except just at the edge, where it is 
slightly softened), and of considerable brightness. Such an 
appearance would not be presented by a globular space 
uniformly filled with stars or luminous matter, which struc- 
ture would necessarily give rise to an apparent increase of 
brightness towards" the center in proportion to the thickness 
traversed by the visual ray. We might, therefore, be in- 
duced to conclude its real constitution to be cither that of a 
liollow spherical shell or of a flat disc, presented to us (by a 
highly improbable coincidence) in a plane precisely perpen- 
dicular to the visual ray. 

(877.) AVhatever idea we may form of the real nature 
of such a body, or of the planetary nebuke in general, 
which all agree in the absence of central condensation, it 
is evident that the intrinsic splendour of their surfaces, ?/ 
cimtmuoiis^ must be almost infinitely less than that of the 
sun. A circular portion of the sun’s disc, subtending an 
angle of 1', would give a light equal to that of 780 full 
moons ; while among all the objects in question there is not 
one which can be seen with the naked eye. M. Arago has 
Burmised that they may possibly be envelopes shining by 
reflected light, from a solar body placed in their center, in- 
visible to ns by the effect of its excessive distance ; removing, 
or attempting to remove the aj)parent paradox of such an 
explanation, by the optical principle that an illuminated 
surface is equally bright at all distances, and, therefore, if 
large enough to subtend a measurable angle, can be equally 
well seen, whereas the central body, subtending no such 
angle. Las its effect on our sight diminished in the inverse 
ratio of the square of its distance.* The immense optical 
powers applied by Lord Rosse and Mr. Lassell to the ex- 

♦ With due deference to so high an authority we must demur to the conclu- 
sion. Even supposing the envelope to reflect and scatter (equally in all direc- 
tions) half the light of the central sun, the portion of the light so scattered which 
would fall to our share could not exceed the remaining half which that sun itself 
would still send to us by direct radiation. But this, ex hypothec, is too small 
lo affect the eye with any luminous perception, when concentrated in a point. 
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amliiatlon of these enigmatical objects have hitherto only 
added to the mystery which hangs about them, by dis- 
closing caprices of structure in several of them of the most 
extraordinary nature.* 

(878.) Double nebulae occasionally occur — and when such 
is tlie case, the constituents most commonly belong to the 
class of spherical nebiilce, and are in some instances undoubt- 
edly globular clusters. All the varieties of double stars, in 
fact, as to distance, position, and relative brightness, have 
their counterparts in doable nebulae ; besides which the varie- 
ties of form and gradation of light in the latter afford room 
for combinations peculiar to this class of obje(*,ts. Though 
the conclusive evidence of observed relative motion be yet 
wanting, and though from the vast scale on which such sys- 
tems are constructed, and the probable extreme slowness of 
the angular motion, it may continue for ages to be vso, yet It 
is impossible, when we cast our ej^es upon such objects, or on 
the figures which have been given of tliemt, to doubt their 
physical connexion. The argument drawn from the compa- 
rative rarity of the objects in proportion to the whole extent 
of the heavenwS, so cogent in the case of the double stars, is 
infinitely more so in that of the double nebuke. Nothing 
more magnificent can be presented to our consideration, than 
such combinations. Their stupendous scale, the multitude 
of individuals they involve, tlie perfect symmetry and regu- 
larity which many of them present, the utter disregard of 
complication in thus heaping together system upon system, 
and construction upon construction, leave us lost in wonder 
and admiration at the evidence they afford of infinite power 
and unfathomable design. 

(879.) Nebula? of regular forms often stand in marked and 
symmetrical relation to stars, both single and double. Thus 
we are occasionally presented with the beautiful and striking 
pha 3 nomenon of a sharp and brilliant star coiujentrically sur- 
rounded by a perfectly circular disc or atmosphere of faint 

much less then could it do so If spread over a surface many iniHioti times exceed- 
iiii^ in angular area the apparent disc of the central sun itself. (See Annuairc 
du Bureau des Longitudes, 1843, p. 409, 410, 411.) 

* See the figures in their papers, Phil. Trans. 1850 and 1861, and Mem. 
.4 St. Soc. vol. xxxvi. 

t Phil. '^I’rans, 188:5, Pl;tte vii. 
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liglit, m some cases dying away insensibly on all sides, in 
others almost suddenly terminated. These arc Nebulous Stars, 
Fine exam[)lcs of this kind arc the 45th and 69th nebulie of 
Sir Wm. Hcrschers fourth class* (R. A. 7^ 19™ 8% N. P. I). 
68^45', and 3^ 58™ 36% 59*^ 40'), in which stars of the 
8th magnitude are surrounded by photospheres of tlie kind 
above described respectively of 12" and 25" in diameter. 
Among stars of larger magnitudes, 55 Androrncdie and 
8 Canuin Vcnaticorum may be named as exhibiting the same 
: pluenoincnon 'with more brilliancy, but pcrliaps with less 
i perfect regularity. 

(880.) The connexion of nebuhe with double stars is in 
many instances extremely remarkable. Thus in R. A. 18’* 
7™ 1% N. P. I). 109"^ 56', occurs an elliptic nebula having its 
longer axis about 50", in which, symmetrically placed, and 
rather nearer the vertices than the foci of the ellipse, are the 
equal individuals of a double star, each of the 10th magnitude. 
In a similar combination noticed by M. Struve (in R. A. IS’* 
25™, N. P. I). 25° 7'), the stars are unequal and situated pre- 
cisely at the two extremities of the major axis. In R. A. 13’* 
47™ 33% N. P. D. 1 29® 9', an oval nebula of 2' in diameter has 
very near its center a close double star, the individuals of 
which, slightly unequal, and about the 9T0 magnitude, are 
not more than 2" asunder. The nucleus of Messier’s 64th 
nebula is strongly suspected ” to be a close double star — 
and several other instances might be cited. 

(881.) Among tlie nebulae which, though deviating more 
from symmetry of form, are yet not wanting in a certain 
regularity of figure, and wdiich seem clearly entitled to be 
regarded as systems of a definite nature, however mysterious 
their structure and destination, by far the most remarkable 
arc the 27th and 51st of Messier’s Catalogue.t The former 

t ^ O I 

* Tiic classes liere referred to are»not the species described in Art. 868., but 
lists of nebula?, eight in number arranged according to brightness, size, density 
of clustering, &c., in one or other of which all nebulic were urigin iUy classed by 
birn. ('lass I. contains J3right nebula? ; ” II, “ Faint do. I I I. “ Very faint 
do,;*’ IV. “ rianetary nebulae, stars with bars, milky chevelures, short rays, 
remarkable shapes, &c. V Very larg*- nebula* VI, “ Very compressed ricli 
clusters;’* VIJ, “Pretty much compressed do. V V 111. “ CoarsSely scattered 
el osiers.” 

, t i’laccs for 18:i0 : II. A. l!)*» 12% N, l\ D. (iT® 4P, and R. 13*^ 

N.p.i;. 
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consists of two round or somewhat oval nebulous masses 
united by a short neck of nearly the same density. Both this 
and tlie masses grjtduate off, however, into a fainter nebulous 
envelope wliich completes the figure into an elliptic form, of 
which the interior masses with tlieir connexion occupy the 
lesser axis. Seen in a reflector of 18 inches in aperture, the 
form has considerable regularity; and thougli a few stars are 
Iierc and there scattered over it, it is unresolved. Lord 
Itosse, viewing it with a reflector of double that aperture, de- 
scribes and figures it as rCvSolvcd into nuniLerous stars with 
much intermixed nebula; wdulc the symmetry of form, by 
rendei'ing visil)Ie features too faint to be seen vvitli inferior 
power, is rendered considerably less striking, though by no 
means old iterated. 

(882.) The 51st nebula of Messier, viewed through an 18- 
inch reflector, presents the appearance of a large and l)riglit 
globular nebula, surrounded by a ring at a considerable dis- 
tanco from the globe, very unequal in brightness in its differ- 
ent iiarts, and subdivided through about two-fifths of its cir- 
cumference as if into two laminaj, one of which appears as if 
turned up towards the eye out of the plane of the rest. Near 
it (at about a radius of the ring distant) is a small bright 
round nebula. Viewed through tlic 6-fect reflector of Ijord 
llosso the aspect is much altered. The interior, or what 
u|)peared tlic upturned portion of the ring, assumes the aspect 
of a nebulous coil or convolution tending in a spiral form 
towards the center, and a general tendency to a spiroid 
arrangement of the streaks of nebula connecting the ring and 
central mass wliich this powder bungs into view, becomes 
apparent, and forms a very striking feature. 'Hie outlying 
nebula is connected by a narrow nebulous arc wdtli the 
ring, and the whole has a resolvalile oliaracter. •(See 1^1. 
VI, fig. Both Lord Bossc and Mr. Lasscll have found 
this spiral character, even still more marked, to belong to 
many other nebuhe : sufficiently numerous, in fact, to form 
a class apart, of Avhicjfi Messier’s 99th nebula is a fine 
specimen. 

(883.)* We come now to a class of nebuhe of totally differ- * 
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ent character. They are of very great extent, utterly devoid 
of all symmetry of form, — on the contrary, irregular and 
capricious in tlieir shapes and convolutions to a most extra- 
ordinary degree, and no less so in the distribution of their 
light. No two of them can be said to present any similarity 
of figure or asi)ect, but they have one important cliaracter in 
common. They arc all situated in, or very near, the borders 
of the Milky Way. The most remote froialt is that in the 
sword handle of Orion, which being 20^ from the galactic 
circle, and 15"' from the visible border of the ViaLactea, might 
seem to form an exception, though not a striking one. But 
this very situation may be adduced as a corroboration of tlie 
general view which this princiidc of localization suggests. 
For the place in question is situated in the prolongation oJ 
that faint offset of the Milky Way which we traced (Art. 787.) 
from a and s Persel towards Aldebaraii and the Hyades, and 
in the zone of Great Stars noticed in Art. 785. as an ap- 
pendage of^ and probably bearing relation to that stratum. 

(884.) From this it would appear to follow, almost as a matter 
of course, that they must be regarded as outlying, vei'y distant, 
and as it were detached fragments of the great stratum of the 
Galaxy, and this view of the subject is strengthened ^vhen 
we find on mapping down their places that they may all be 
grouped in four great masses or nebulous regions, — that of 
Orion, of Argo, of Sagittarius, and of Cygnue. And thus, 
inductively, we may gather some information respecting the 
structure and form of the Galaxy itself, which, could we view 
it as a wdiole, from a distance such as that which wseparates us 
from these objects, would very j)robably present itself under 
an aspect quite as comj)licated and irregular. 

(885.) The great nebula surrounding the stars marked 0 1 
in the swjord handle of Orion was discovered by Iluyghens 
in 1656, and has been repeatedly figured and described by 
astronomers since that time. Its appearance varies greatly 
(as that of all nebulous objects does) with the instrumental 
power applied, so that it is difficult to recognize in repre- 
sentations made with inferior telescopes, even principal fea- 
tures, to say nothing of subordinate details. Until this 
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became well understood, it was supposed to have changed 
very materially, both in form and extent, during the interval 
elapsed since its tirst discovery. No doubt, liowevcr, now 
remains that these supposed changes have originated partly 
from the cause above-mentioned, partly from tlie difficulty ot 
correctly drawing, and, still more, engraving such objects, 
and partly from a want of sufficient care In the earlier de- 
lineators themselves in faithfully copying tliat which they 
really did sec. Our figure (Plate I*V., Jig. 1.) is reduced 
from a larger one made under very favourable circumstances, 
from drawings taken with an 18-Iiicli reflector at the Capo 
of (lood Hope, where its meridian altitude greatly exceeds 
what it has at European stations. The area occupied by 
this figure is about one 25th part of a square degree, extend- 
ing in 11. A. (or horizontally) 2™ of time, equivalent almost 
exactly to 30' in arc, the object being very near the equator, 
and 24' vertically, or in polai* distance. The figure shows 
if rcAcrsed in declination, the northern side l)elng lower- 
most, and the preceding towards the right hand. In form, 
the brightest ]){>rtion oflers a resemblance to the head and 
yawning jaAVS of some monstrous animal, AAith a sort of ju’o- 
boscis running out from lEe snout. Many stars are scattered 
over it, which for the most part appear to have no (‘OTmexion 
Avith it, and the remarkable sextuple star 6 1 Orionis, of 
which mention has already been made (Art. 837.), occupies 
tt most conspicuous situation dose to tlie brightest portion, 
at almost the edge of the o}»cnlng of the jaws. It is re- 
markable, however, that within the area of the trapezium no 
nebula exists. The general aspect of the less luminous and 
cirrous portion is simply nebulous and irresolvable, but the 
brighter portion immediately adjacent to the trapezinm, 
forming the square front of the head, is shown Avitli the 18-incli 
reflector broken up into masses (very imperfectly represented 
in the figure), whose mottled and curdling light evidently 
indicates by a sort of granular texture its consisting of stars, 
and when examined upder the great light of Lord Rosse’s 
reflector, or the exquisite defining power of the great achro- 
matic nt Cambridge, U. S., is evidently perceived to con-* 
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fiist of clastcriiig stars. There can therefore he little doubt 
as to the whole consisting of stars, too minute to be discerned 
individually even with these powerful aids, but which become 
visible as points of light when closely adjacent in the more 
crowded parts in the mode already more than once suggested. 

(886.) The nebula is not confined to the rimits of our 
figure. Nortlnvard of 6 aliout 33', and iieaidy on the same 
meridian are two stars marked C 1 and C 2 Orionis, in- 
volved in a bright and **branching nebula of very singular form, 
and south of it is the star i Orionis, whi(‘b is also involved 
in strong nebula. Careful examination with powerful tele- 
scopes has traced out a continuity of nebulous light between 
tlie great nebula and both these olijects, and there can be 
little doubt that tlie nebulous region extends northwards, as 
fir as e in the belt of Orion, w^hich is involved in strong 
nebulosity, as well as several smaller stars in the immediate 
neighbourhood. Professor IJond has given a beautiful figure 
of the great nebula in Trans. American Acad, of Arts and 
Sciences, new series, vol. iii., and l^ord Oxinantown a 
enperb one in Pliii. Tr. 1868. 

(887.) The remarkable variation hi lustre of the briglit 
star 1 ] in Argo, has been already mentioned. This star is 
situated in the most condensed region of a very extensive 
nebula or congeries of nebular masses, streaks and branches, 
a portion of which is represented in fig. 2. Plate IV. The 
whole nebula is spread over an area of fully a square degree 
ill extent, of which that included in the figure occupies about 
one-fourth, that is to say, 28' in polar distance, and 32' of 
arc in K. A., the portion not included being, tliough fainter, 
even more capriciously contorted than that here depicted, 
in which it should be observed that the preceding side is 
towards the right hand, and the southern uppermost. Viewed 
with an 18-iricli reflector, no "part of this strange object shows 
any sign of resolution into stars, nor in the brightest and 
most condensed portion adjacent to the singular oval vacancy 
in the middle of the figure is there any of that curdled 
appearance, or that tendency to break up into bright knots 
‘With intervening darker portions which characterize the 
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nebula of Orion, and indicate its rcsolv ability. The whole 
IS situated in a very rich and brilliant part of the Milky Way, 
80 thickly stiewed with stars (omitted in the figure), that in 
the area occupied by the nebula, not less than 1200 have 
been actually counted, and their places in 11. A, and P. D. 
deterniined. Yet it is obvious that these have no connexion 
whatever Muth the nebula, being, in fact, only a siinj)le con- 
tinuation over it of the general ground of the galaxy, which 
on an average of two hours in lligkt Ascension lii this 
period of its course contains no less than 3138 stars to the 
square degree, all, however, distinct, and (except where the 
object in question is situated) seen projected on a perfectly 
dark heaven, without any appearance of intermixed nebulosity. 
The conclusion can hardly be avoided, that in looking at it 
we see through, and beyond the Milky Way, far but into 
space, through a starless region, disconnecting it ultogetlier 
from our system. It is not easy for language to convey a 
lull impression of the beauty and sublimity of the spectacle 
which this nebula otters, as it entei^s the field of view of a 
telescope fixed in liight Ascension, by the diurnal motion, 
ushered in as it is by so glorious and in numerable a procession 
of stars, to which it forms a sort of climax,” and in a part of 
the heavenvS otherwise full of interest. One other bright 
and very remarkably formed nebula of considerable mag-* 
uitude precedes it nearly on the same parallel, but without 
any traceable connexion between them. 

(888v) The nebulous group of Sngittarius consists of several 
conspicuous nebula) * of very extraordinary forms by no 
means easy to give an idea of by mere description. One of 
them (A, 1991 1) is singularly trifid, consisting of tlirce bright 
and irregularly formed nebulous masses, graduating away 
insensibly externally, but coming up to a great iittensity of 

t* 

♦ About II. A. 17^ 32 *^, N.P. D. M3® 1', four nebiihie, No. 41 of Sir Win. 
HersL'liel's 4th class, and Nos. 3, 2, 3, of his 5th, all connected into ojie great 
complex nebula. — In K. A. 17’^ 53"* 27*, N. IM). 1 14® the 8th, and in 
18** 11"*, 106® 15^ the 17th of Messier*s Catalogue. 

t This number refers to the tiatalogiie of nebula' in Pliil. Trans., 1833, The 
reader will find figures of the several iicbiiL'e of this group in that volume, pi. iv. 
fg. 35., in the Author’s “Results of Observations, &c., at the Cape of Good ^ 
Hope/" Pfates i. fig. 1., and ii. figs, I and 2, and in Mason’s Memoir in the col- 
lection of the American l*hil. Sue., vol. vii. art, xiii. 
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light at tlieir interior edges, where they enclose and surround 
a sort of three-forked rift, or vacant area, abruptly and un- 
couthly crooked, and quite void of nebulous light. A beau- 
tiful triple star is situated precisely on the edge of one of 
these nebulous masses just where the interior vacancy forks 
out into two channels. A fourth nebulous mass spreads like 
a fan or downy plume from a star at a little distance from the 
triple nebula. 

(889.) Nearly adjacent to the last described nebula, and 
no doubt connected with it, though the connexion has not yet 
been traced, is situated the 8th nebula of Messier’s Catalogue. 
It is a collection of nebulous folds and masses, surrounding 
and including a number of oval dark vacancies, and in 
one place coming up to so great a degree of brightness, as to 
offer the appcai'ance of an elongated luicleus. Superposed 
upon this nebula, and extending in one direction beyond its 
area, is a fine and rich cluster of scattered stars, which seem 
to have no connexion with it, as the nebula does not, as in 
the region of Orion, show any tendency to congregate about 
tlje stars. 

(890.) The 19th nebula of Messier’s Catalogue, though 
some degrees remote from the others, evidently belongs to 
tins group. Its form is very remarkable, consisting of two 
•loops like capital Greek Omegas, the one bright, the other ex- 
ceedingly faint, connected at their bases by a broad and very 
bright band of nebula, insulated wdthin which by a narrow 
comparatively obscure border, stands a bright, resolvable 
knot, or what is jirobably a cluster of exceedingly minute 
stars. A very faint round nebula stands in connexion with 
the upper or convex portion of the brighter loop. 

(891.) The nebulous group of Cygnus consists of several 
large and irregular nebulae, one of which passes through the 
double star k Cygni, as a longf, crooked, narrow streak, forking 
out in two or three places. The others observed in the first 
instance by Sir W. Herschel and by the author of this work 
as separate nebulae, have been traced into connexion by Mr. 
Mason, and shown to form part of a curious and intricate 
^ nebulous system, consisting, 1st, of a long, narrow, curved, 

* R. A 20*» ^19*" 20* N.P.D. 27'. 
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sxnfl forked streak, and 2dly, of a cellular effusion of great 
extent, in which the nebula occurs intermixed with, and 
adhering to stars around the borders of the cells, while their 
interior is free from nebula, and almost so from stars. 

(892.) The Magellanic clouds, or the nubeculjc (major and 
minor), as they arc called in the celestial majis and charts, are, 
as their name imports, two nebulous or cloudy masses of light, 
conspicuously visible to the naked eye, in the southern hemi- 
s[)here, in the appearance and brightness of their light not 
unlike portions of the Milky Way of the same apparent size. 
They are, generally speaking, round, or somewhat oval, and 
the larger, which deviates most from the circular form, ex- 
hibits the appearance of an axis of light, very ill defined, and 
by no means strongly distinguished from the general mass, 
Avhich seems to open out at its extremities into somewhat 
oval sweeps, constituting the preceding and following jiortions 
of its circumference. A small patch, visibly brighter than 
the general light around, in its following part, indicates to 
the naked eye the situation of a very remarkable nelmla 
(No. 30. Doradfis of Bode’s catalogue), of which more here- 
after. The greater nubecula is situated between the nu*.- 
ridians of 4*^ 40”^ and 6*^ 0“ and the parallels of ISfi"" and 162® 
of N.P.D., and occupies an area of about 42 square degrees. 
The lesser, between the meridians 0*' 28”* and 1^ 15”* and 
the parallels of 162® and 165® N.P. D., covers about ten square 
degrees. Their degree of brightness may be judged of from 
the effect of strong moonlight, which totally obliterates the 
lesser, but not quite the greater. 

(893.) When examined through powerful telescopes, the 
constitution of the nubeculse, and especially of the nubecula 
major, is found to be of astonishing comjilexity. The general 
ground of both consists of large tracts and patcheg of nebu- 
losity in every stage of resolurion, from light, irresolvable 
with 18 inches of reflecting aperture, up to perfectly sepa- 
rated stars like the Milky Way, and clustering groups suffi- 
ciently insulated and condensed to come under the designation 
of irregular, and in some cases pretty rich clusters. But be- 

• It Unlaid down nearly an hour wrong in all the celestial charts and globrsa 
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sides those, there are also nebiilse In abundance, both regular 
and irregular; globular clusters in every state of condensation; 
and objects of a nebulous character quite peculiar, and which 
have no analogue in any other region of the heavens. Such 
is the concentration of these objects, that in the area occupied 
by the nubecula major, not fewer than 278 nebulce and 
clusters have been enumerated, besides 50 or 60 outliers, 
which (considering the general barrenness in such objects of 
the inunediate neighbourhood) ought certainly to be reckoned 
as its appendages, being about tU })er square degree, which very 
far exceeds the average of any other, even the most crowded 
parts of the nebulous heavens. In the nubecula rninoi*, the 
concentration of such objects is less, though still very striking, 
37 having been observed within its area, and 6 adjacent, but 
outlying. The niibeculaa, thert, combine, each within its own 
area, characters which in the rest of the heavens are no less 
strikingly separated, — viz., those of the galactic and the nebu- 
lar system. Globular clustei's (except in one region of small 
extent) and nebula? of regular elliptic forms ai’e compara- 
tively rare in the Milky Way, and are found congregated in 
the greatest abundance In a part of tlie heavens, the most 
remote possible from that circle ; whereas, in the nubecula?, 
they are indiscriminately mixed with the general starry 
ground, and with irregular though small nebula?. 

(894.) This combination of characters, rightly considered, 
is in a high degree instructive, affording an insight into the 
probable comparative distance of stars and nehulcp, and the 
real brightness of individual stars as compared one with 
another. Taking the apparent semidiameter of the nubecula 
major at 3°, and regarding its solid form as, roughly speaking, 
spherical, its nearest and most remote parts differ in their 
distance from us by a little more than a tenth part of our 
distance from its center. The brightness of objects situated 
in its nearer portions, therefore, cannot be much exaggerated, 
nor that of its remoter muck enfeebled, by their difference of 
distance ; yet within this globidar space, we have collected 
upwards of 600 stars of the 7th, 8th, 9th, and 10th magni- 
tudes, nearly 300 nebuhe. and "lobular and other clusters. 
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of all degrees of resolubility ^ and sinullcr scattered stars iiiim- 
inerable of every inferior magnitude, from tlic lOtli to such 
as by their multitude and ininuteness constitute irresolvable 
nebulosity, extending over tracts of many square degrees. 
Were there but one such object, it miglit be maintained with- 
out utter improbability tliat its appai'cut sphericity is only an 
effect of foreshortening, and that in reality a much greater pro- 
portional difference of distance between its nearer and more 
remote parts exists. lint such an acyustment, improbable 
enough in one case, must be rejected as too much so for foir 
argument in two. It must, tbercforc, be taken as a demon- 
strated fact, that stars of the 7th or 8th magnitude and irre- 
solvable nebula may co-cxist within limits of distance not 
differing in |)roportion more than as 9 to 10, a conclusion which 
must inspire some degree of caution in adinltting, as certain^ 
many of tlie consequencc^s which have been rather strongly 
dwelt upon in the foregoing pages. 

(895.) Immediately preceding the center of tlie nubecula 
minor, an<l undoubtedly belonging to the same group, occurs 
the stqtcrb globular cluster. No. 47. Toucmiu of Bode, veay 
visible to tlm naked eye, and one of the finest objects of this 
kind In the heavens. It consists of a very condensed s])herical 
mass of stars, of a -pale rose colour^ concejitrically enclosed iii 
a mucli less condensed glol)C of white ones, 15' or 20' in. 
diameter. This is the first in order of the list of such clusters 
in Art. 867. 

(896.) Within tlie nubecula major, as already mentioned, 
and faintly visible to the naked eye, is the singidar nelmla 
(marked as the star 30 Doradus in Bode’s Catalogue) noticed 
by Laeaillc as resembling the nucleus of a small comet. It 
occupies about oiie-500th part of the whole area of tlie nu- 
becula, and is so satisfactorily represented in Plnte^V., fig. 1., 
as to render further description superfluous. Sec Art. (896 
Note K. 

(897.) We shall conclude this cha{»ter iiy the mention of 
two phainomena, which seem to indicate the existence of 
some slight degree of nebulosity about the sun itself, and even 
toplacqit in the list of nebulous stars. The first is that^ 

u u 
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r-jiJIcd the 2 ;o(luical light, which may be seen any very clear 
evening soon after sunset, about the months of March, April, 
and May, or at the opposite seasons before sunrise, as a cone 
or lentieularly-shaped light, extending from the liorizon ob- 
liquely upwards, and following generally the course of the 
ecliptic, or rather that of the sun’s equator. The ajjparent 
angular distance of its vertex from the sun varies, according 
to cireurastances, from 40"* to 90°, and the breadth of its base 
perpendicular to its«axis from 8° to 30°, It is extremely 
taint and ill defined, at least i)i this climate, though better 
seen in tropical regions, but cannot be mistaken for any 
;itinos])heric meteor or aurora borealis. It is manifestly in 
the nature of a lenticularly-formed envelope*, surrounding the 
sun, and extending beyond the orbits ol‘ Mercury and Venus, 
and nearly, perhaps quite, attaining that of the earth, since its 
vertex lias been seen fully 90° from the sun’s place in a gnjat 
circle. It may be conjectured to be no other than the denser 
]>art of that medium, which, wc have some reason to believe, 
resists the motion of comets; loaded, perhaps, with the actual 
inaterials of the tails of millions of those bodies, of wliicli 
they have been stripped in their successive perihelion, pas- 
sages (Art. 566.). An atmosphere of the sun, in any proper 
sense of the word, it cannot be, since tlie existence of a 
..gaseous envelope |)ro[)agating pressure from part to part; 
subject to niutiial friction in its strata, and therefore rotating 
in the same or nearly the same time with the central body ; 
and of such dimensions and ellipticity, is utterly incompatliih*. 
with dynamical laws. If its particles have inertia, they must 
necessarily stand with respect to the sun in the relation of se- 
parate and independent minute planets, each having its own 
orbit, jilaiic of motion, and jieriodic time. The total mass being 
almost nothing compared to that of the sun, inutiial 
tion is out of the question,* though collisions among sucli as 
may cross each other’s paths may operate in the course of 

* 1 cannot imajyine upon what grounds lliiinholdt persiats in ascribing to it 
tbo form of a ring encircling tbe sun. For a iijost elaborate scries of observa- 
tions of the zodiacal light, by the Rev. G. Jones, see United States Japan 
Expedition,” vol. iii. •'E, Washington. 185t). It contains 857 plates of its aj)- 
’ [learance. 
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indefinite ages to effect a subsidence of at least some portion 
of it into the body of the sun or those of tlie planets. 

(898.) Nothing prevents that these particles, or some 
among them, may have some tangible size, and be at very 
great distances from each other. Compared with planets 
visible in our most powerful telescopes, rocks and stony 
masses of great size and weight would be but as the im- 
palpable diist which a sunbeam renders visible as a sheet of 
light when streaming through a narrow chink into a dark 
chamber. It is a fact, establislied by tlie most indisputable 
evidence, that stony masses and lumps of iron do occasionally, 
and indeed by no means unfrcquently, fall upon tlie earth from 
the liigher regioiivS of our atmosphere Cwlierc it is obviously im- 
possible they can have been generated), and that tliey have 
done so from the earliest times of history. Four instances 
are recorded of jicrsons being killed by their fall. A block 
of stone fell at ^FgOvS Potamos, n. c. 465, as large as two 
rnllbstonCvS ; another at Narrii, in 921, projected, like a rock, 
four feet above the surface of the river, into wliich it was 
seen to fall. The emperor Jehangire had a sword forged 
from a mass of meteoric iron which fell, in 1620, at Jalandar, 
in the Punjab.* Sixteen instances of the fall of stones in 
the British Isles are well authenticated to have occurred since 
1620, one of them in London. In 1803, on the 26th of 
April, thousands of stones were scattered by the explosion 
into fragments of a large fiery globe over a region of twenty 
or thirty square miles around the town of L’Aiglc, in Nor- 
mandy. The fact occurred at mid-day, and the circumstances 
were officially verified by a commission of the French go- 
vernment, f '^^Iliese, and innumerable otlier instances J, fully 
establish the general firct ; and after vain attempts to account 
for it by volcanic projection, either from the eartli or the 
moon, the plauetaiy nature of the*se bodies seems at length 
to be almost generally admitted. The lieat wliich they pos- 
•sess when fallen, the igneous pluenomena which accompany 

* See the emperor’s own very*rcmarVable account of tl>c <.>ccnrrence, trans- 
Fated in Phil. IVans. 17953, p. 202. 

t See M. Idiot’s report in Mein, de I’lnstitut. 1S06’. 

1 See a list of upwards of 200, published by C’hladni, Annale.s du iSureau Itm 
I^ngitiules de France, 1825. 
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tliem, tlieir explosion on arriving wrtivin the denser regions 
of our atinosphere, &C .5 are all sufficiently accounted for on 
physical principles, the condensation of tlie air before 
them in consequence of their enormous velocity, and by tlie 
relations of air in a highly attenuated state to heat,* 

(899.) Besides stony and metallic masses, however, it is 
probable that bodies of very different natures, or at least states 
of aggregation, are thus circulating round the sun. Shooting 
stars, often followed by long trains of light, and those great 
iiery globes, of more rare, but not ven/ uncorninon occurrence, 
which are seen tra versing the upper regions of our atmosphere, 
srnnetimes leaving trains behind tliem remaining lor many 
minutes, sometimes bursting with a loud ex[)losion, vsometimes 
becoming quietly extinct, may not unreasonably be presumed 
to be bodies extraneous to our planet, whicli only become visi- 
ble on becoming ignited in the act of grazing the confines of 
our atmosplierc. Among the last-mentioned meteors, how- 
ever, are some which can hardly be supposed solid masses. 
The remarkable meteor of Angust 18. 1783, traversed th<^ 
whole of hhrrope, from Slietland to Home, with a velocity ol 
about 30 miles per second, at a lielglit of 50 mdes from the 
surface of the earth, with a light greatly snj*|)assiiig tliat of 
the full moon, and a real diameter <3* fully half a mile. \ (3, 
with these vast diuumsion.s, it made a sudden bend in its 
course ; it changed its form visibly, and at length (juiotly sC'- 
parated into several distinct bodies, aeiaanpaiiying eac'h other 
in parallel courses, and eaidi followed by a tail or train, 
(900.) Tlicre are circumstances in the liistory of shooting 
stars, which very strongly corroborate the idea of their ex- 
traneous or cosmu-al origin, and their circulation round the 
sun in definite orbits. On several oecjasions they have been 
observed to appear in unn^sual, and, indeed, astonishing num- 
bers, so as to convey the idea of a shower of rockets, and bril- 
liantly illuminating the whole heavens for hours together, and 
that not in one locality, but over whole continents and oceans, 
and even (in one instance) in both* hemispheres. Now it is 
extremely remarkable that, whenever this great display has 

I 

* Edinburgh Review, Jan. 1848, p. 195. It is very remarkable tlnit no now 
ehcniicaJ element lias been detected in any of tlu* luinicrou-s rneteoroljtos wliich 
have been subjected to ana’ 's. 
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been exhibited (at least in modern times), it has uniformly 
happened on the night between the 12th and 13th, or on that 
between the 13th and 14th of November. Such cases occurred 
in 1799, 1832, 1833, and 1834. On tracing back the records 
of similar pluenomena, it has been ascertained, moreover, that 
more often those identical nights, but sometimes those imme- 
diately adjacent, liave been, time out of mind, habitually 
signalized by such exhibitions. Another annually recuri’ing 
epoch, in which, tliough far less brilKant, the display of 
meteors is more certain (for that of November is often inter- 
rupted for a great many years), is tluit of the 10th of August, 
on which night, and on the 9th and 11th, numerous, large, 
and bright shooting stars, with trains, are almost sure to be 
seen. Other epochs of periodic recurrence, less marked than 
the above, have also been to a certain extent established. 

(90 L) It is impossible to attribute such a recurrence of 
identical dates of very rcn*iai‘kal)]e pluenomena to accident. 
Annual periodicity, irrcs[)ective of geographical position, 
refers us at once to the [>1mcc occupied by the earth in its 
annual orbit, and leads direct to the conclusion that at that 
])lacc the earth Incurs a liability to frajiunt encounters or 
concuiTences witli a stream of meteors in their jnogress of 
circulation round the sun. Let us test this idea by pursuing 
it into some of its consequences. In the first jilace then, 
supposing the earth to plunge, in its yearly circuit, into a 
uniform ring of innumeraVile small meteor-planets, of such 
breadth as Avould be traversed by it in one or two days; 
since daring this small time the motions, wliethor of the 
eartli or of each individual meteor, may be talvcn as uniform 
and rectilinear, and those of all the latter (at tlic place and 
time) parallel, or very nearly so, it will follow that tiie relative 
motion of the meteors referred to the earth as at will be 
also uniform, rectilinear, and parallel. Viewed, tlicrefore, 
from tlie center of the earth (or from aii}" point in its cir- 
cumference, if we neglect the diurnal velocity as very small 
compared with the anniual) they will all appear to diverge 
from a common point, Jixed in relation to the celestial sj}here^ 
as if eimlriating from a sidereal apex (Art. 115.). 
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(902.) Now this is precisely what actually happens. The 
meteors of the 12th — 14th of November, or at least the 
vast majority of them, describe apparently arcs of great 
circles, passing through or near y Leonis. No matter what 
the situation of that star with respect to the horizon or to its 
east and west points may be at the time of observation, tlie 
paths of tlie meteors all appear to diverge from that star. 
On the 9tli — 11th of August the geometrical fact is the 
same, the apex only differing ; B Carnelopardali being for 
that epoch the point of divergence. As we need not suppose 
the meteoric ring coincident in its plane with the ecliptic, 
and as lor a ring of meteors we may substitute an elliptic 
annulus of any reasonable exccntricity, so that both the 
velocity and direction of each meteor may differ to any extent 
from the earth’s, there is nothing in the great and obvious 
diflcrencc in latitude of these apices at mil militating against 
the concluKsion. 

(90d.) If tlie meteors be uniformly distributed in such a 
ring or elliptic annulus, the earth’s encounter with them in 
every revolution will be certain, if it occur once. But if the 
ring be broken, if it be a succession of groups revolving in 
an ellipse in a period not identical with that of tlie earth, 
years may jiass without a rencontre ; and when such happen, 
they may differ to any extent in their intensity of character, 
accoiding as richer or poorer groups have been encoun- 
tered. 

(904.) No other plausible explanation of these highly cha- 
racteristic features (the annual periodicity, and divergence 
from a common a[)ex, always alike for each respective epoch) 
lias been even attemi»ted, and accordingly the opinion is 
generally gaining ground among astronomers that shooting 
stars belofig to their department of science, and great interest 
is excited in their observation and the further development of 
their laws. The first connected and systematic series of 
observations of them, having for their object to trace out their 
relative paths with respect to the earth, are those of Benzen- 
berg and Braudes, who, by noting the instants and apparent 
places of appearance and extinction, as well as the precise 
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ai)parcnt paths among the stars^ of individnal meteors, from 
the extremities of a measured base line nearly 50,000 feet 
in length, were led to conclude that tlieir heights at the 
instant of their appearance and disappearance vary Irom 
16 miles to 140, and their relative velocities from 18 to 36 
miles per second, velocities so great as clearly to indicate an 
independent planetary circulation round the sun. [A very 
remarkable meteor or bolide, which appeared on the 19th 
August, 1847, was observed at Diepp® and at Paris, with 
sufficient precision to admit of calculation of the elements 
of its orbit in absolute space. This calculation has been 
performed by M. Petit, director of the observatory of Tou- 
louse, and the following hyperbolic elements of its orbit round 
the sun are stated by him (Astr. Nadir. 701.) as its resiiU ; 
viz., Seniimajor axis = — 0-3240083; excentricity 3*95 130 ; 
|)ei ihelion distance =* 0’95626 ; inclination to plane of the 
earth’s equator, IS'^ 20' 18" ; ascending node on the same ]>lanc, 
UP 34' 48"; motion direct. According to this calculation, 
the body Avould have occupied no less than 37340 years in 
travelling from the distance of the nearest fixed star suj)- 
[)oscd to have a parallax of I"]. 

(905.) It is by no means inconceivable that the eartli 
a})proaching to such as differ but little from it in direction 
and velocity, may have attached many of them to it as per- 
manent satellites, and of these tliere may be some so large, 
and of such texture and solidity, as to shine by reflected 
light, and become visible (such, at least, as are very near tlic 
eartli) for a brief moment, suffering extinction by plunging 
into the earth’s shadow; in other words, undergoing total 
eclipse. Sir John Lubbock is of opinion that such is tlie 
case, and has given geometrical formulie for calculating their 
distances from observations of this nature,* The oh^Mirvationa 
of M. Petit would lead us to befieve in the existence of at 
least one such body, revolving round the earth, as a satellite, 
in about 3 hours 20 minutes, and therefore at a distance equal 
to 2-513 radii of the e^rth from its centre, or 5,000 miles 
above its surface.! (See Note N.) 

*** Phil. LomL Kd. Dub. 1S-1S, 80. 

t Couiptcs Kendus, Oct. 12. 18-16', ;ind Aug. 0. tSd7. 
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(905 rt.) In art. 400, tlie generation of heat by friction is 
suggested as affording a possible explanation of the supply of 
solar heat, without actual combustion. A very old doctrine, 
advocated on grounds anything rather than reasonable or 
oven plausible by Bacon, but afterwards worked into a cir- 
cumstantial and elaborate theory by the elder Seguin, which 
makes heat to consist in a continual, rapid, vibratory or gyra- 
tory motion of the particles of bodies, has of late been put for- 
ward into great prominence by Messrs, Mayer and •Joule 
and Sir W. Thomson ; according to this theory motion once 
generated or however originating, is never destroyed, but 
continues to subsist in the form of vis viva” among the 
molecules of bodies, even when by their impact or mutual 
obstruction they appear to have been brought to rest,^ Tho 

vis viva ” only takes another form, and is disseminated, as 
increased vibratory or gyratory movement, among their mole- 
cules ; as such it ivS heat, or light, or both, and is communi- 
cated to tljc molecules of the luminiferous other, and so dis- 
tributed throughout that ether, constituting the phamomena 
of radiant light and heat. Granting a few postulates (not 
veiy easy of conception, and still less so of admission when 
conceived,) this theory is not without its plausibility, and 
e.ertaiuly does (on its own conventions) give a consistent ac- 
* count of tlie production of heat by friction and impact. It has 
been applied by Mr. Waterson and Sir W, Thomson to ex- 
{jlain the evolution of solar light and heat, as follows. Ac- 
cording to the former, tho meteorolites which, revolving in 
very cxcentric or cometic orbits, arrive within the limits of 
the solar atmosphere are precipitated on the sun’s surface in 
smdi abundance, and with such velocity, as to generate in 
the way above described the totality of the emitted radiants. 
Sir W. Thomson, undisma^’^ed as would appear by the per- 
petual battery thus kept up on the sun’s surface (on every 
square foot of which, on Mr. Watej son’s view of the sub- 
ject, a weight of matter equal to 5 lbs. would require to be 
delivered per hour with a velocity of 890 miles per second, 

* On tins point see a paper by the Autlioi tin the aJisorption of light. Loud, 
and Kd. Phil. Mag. ajul Joiirn., :5rd series, vul. iii. No. 18, Dec. 18;K>, 
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covering the whole surface with stony or other solid mate- 
rial, to the depth of 12 feet per annum^ if of the density of 
granite,) prefers to consider the nebula of the zodiacal light 
in a vaporous state as continually subsiding into the sun, 
by gradual spiral approach, until suddenly meeting with 
greatly increased resistance in its atmosphere (as arriving 
in a state of more rapid revolution) by friction oji the ex-- 
ternal envelope or photosphere of its surface (art. 389.), 
produces there the heat and light actually observed ; whereas 
the theory of Mr. Waterson would place its origin on the 
solid surface itself, contrary to the observed fact.* Our 
readers will judge for themselves what degree of support 
the telescopic aspect of tlie sun's surface as described in 
arts. 386 — 395, and especially (387 a), Note G, affords. 

* The quantity of matter anmially rccjnireil to be dejjosited on the sun, 
whetheriTi a ]>ulverufent, liejisid. or vaporous form, by vSir 'Jliomson’s theory, 
is nearly double of tliat called for by Mr. Watersou’.s, vi/., 24 loot of granite 
}»er annum, a mile in years ; so that the sun's apparent diameter would 
i)e increasing at the rate of alu>ut I" per 100,000 years on this hypothesis. 

In tl»e “ iMumiel de la Seienee, oil Amiuaire du Cosmos” for ]8o9, hy the 
Ahhe Moigno (a work of high interest, and, generally speaking, of great imi>ar- 
tiality in the tliscussi<m of claims to scieiitilio priority), pp. 85, 6, 7, partie^ 
this article is so translated (probably for want of a ])eifei;t a)>pretiation of the 
force of the expressions used in it.) as to convey an uiapjalified adhesion to the 
tluKuy in question and to M. Seguiii’s doctrine. 'J'his, however (especially the 
hitter, as stated at it iudh in Pt. t. ])p, 2”-l. ), I ;mi very far from ]>re- 

pared to give: — and the English reader w^i 11, J presume, consider the terms 
employed (jiiite siiHiciintly guarded, even as respects the general piiiieiple, t<f 
S 3 y nothing of the specialties of M. Scguiirs theory .— loddedt 185V^.] 
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PAtlT IV. 

OB’ THE ACCOUNT OP TIME, 

CHAPTEE XVIII. 

f) 

fiJATUKAL UNITS OF TIME. — DELATION OF THE SIDEREAL TO THE 

SOLAK DAY AFFECTED BY PRECESSION. INCOMMENSURABILITY 

OF THE DAY AND YEAR. — ITS INCONYENIENCE. HOW OB- 
VIATED, — THE JULIAN CALENDAR. IIUIECULARITIES AT ITS 

FIRST INTRODUCTION. REFORMED BY AUOUSTUS. GREGORIAN 

REFORMATION. — SOLAR AND LUNAR CYCLES. TNDICTION. 

JULIAN PEIOOD. TABLE OF CHRONOLOGICAL ERAS. — RULES 

FOR CALCULATING THE DAYS ELAPSED BETWEEN GIVEN DATES. 
— EC^UINOCTIAL TIME, — FIXATION OF ANCIENT DATES BY 
ECLIPSES. 

(906 ). Time^ like distance, may be measured by com})arisoii 
with standards of any Iciigtli, and all that is requisite for 
ascertaining correctly the length of any interval, is to be 
able to apj)ly the standard to the interval throughout its 
whole extent, without overlapping on the one hand, or 
feaving unmeasured vacancies on the other ; to determine, 
without the possible error of a unit, the number of integer 
standards wh.ich tlie interval admits of being interposed 
between its beginning and end ; and to estimate jirecisely 
the fraction, over and above an integer, wliicli remains when 
all tlie possible integers are sulitracted. 

(907). But though all standard units of time are equally 
possible, theoretically speaking, yet all are not, practically, 
equally cofivenicnt. The s^lar day is a natural interval 
which the wants and occupations of man in eveiy state of 
society force upon him, and compel him to adopt as his 
fundamental unit of time. Its length as estimated from the 
departure of the sun from a given nieridian, and its next 
return to the same, is subject, it is true, to an annual fluctua- 
/ tiou in excess and defect of its mean value, amounting' at its 
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iiiaxiiniiin to full half a luiiiute. l>ut except for astronomical 
purposes, this is too small a change to interfere in the slight- 
est degree with its use, or to attract any attention, and the 
tacit substitution of its mean for its true (or variable) value 
may be considered as having been made from the earliest 
ages, by the ignorance of mankind that any such fluctuation 
existed. 

(908). The time occiijiied by one coin|)lcte rotation of the 
earth on its axis, or the mean * sidereal day, may be shewn, 
on dynamicjd principles, to be subject to no variation from 
any external cause, and although its diiratio]i would be 
shortened by contraction in the dimensions of the globe itselt^ 
such as might arise from the gradual escape of its internal 
heat, and consequent refrigeration and shrinking of the 
whole mass, yet theory, on the one hand, has rendered it 
almost certain that this cause cannot have effected any jier- 
ceptible aunjunt of cliange during the history of the human 
race ; and, on tlie other, the comparison of ancient and modern 
observations affords every corroboration to this conclusion, 
h'rom such comparisons, Laplace has concluded that the 
sidereal day has not changed by so much as one hundredth of a 
second since the time of Hipparchus. Tlic mean sidereal day 
therefore possesses in perfection the essential quality of a 
standard unit, that of complete invariahility, Tlie same iti 
true of tlie mean sidereal year, if estimated upon an average 
sufficiently large to compensate the minute fluctuations arising 
from the periodical variations of the major axis of the earth’s 
orbit due to planetary perturbation (Art. 668.). 

(909.) The mean solar day is an immediate derivative of 
the sidereal day and year, being connected with tliern by 
the same relation which determines the synodic from the 
sidereal revolutions of any two planets or othei; revolving 
l)odies (Art. 418.). The exact detennination of the ratio of 
the sidereal to the solar day, which is a point of the utmost 
importance in astronomy, is however, in some degree, com- 
plicated by the effect of precession, which renders it necessary 

* The true sidereal day is varialde by the effect of nulation ; hut the vari- 
ation (an excessively niiiuite fraction of the whulc) compensates itscif in a ‘e- \ 
volution of tlic moon’s nodes. 
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to distinguLsli between tlic absolute time of tlie eartli’s 
rotation on its axis, (the real natural and invariable standard 
of com|)arIson,) and the mean interval between two successive 
returns of a given star to the same meridian, or rather of a 
given meridian to the same star, which not only differs by a 
minute quantity from the sidereal day, but is actually not 
the same for all stars. As this is a point to which a little 
difficulty of conception is apt to attach, it will be neces- 
sary to exjdain it in some detail. Suppose then tt the 
])olc of the ecliptic, and P that of the equinoctial, A C the 
solstitial colure at any given moment of time, and P q r 
tlie small circle described by P about tt in one revolution 
of the equinoxes, i, e, in 25870 years, or 9448300 solar 
days, all projected on the plane of the ecliptic ABC D. 
Jjet S be a star anywhere situated on llie ecliptic, or between 
it and the small circle P q r. Then if the pole P were at 



rest, a meridian of the earth setting out from P S C, and 
revolving in the direction C D, will come again to the star 
after the ciact lapse of one sidereal day, or one rotation of 
the earth on its axis. But P is not at rest. After the lapse 
of one such day it will have come into the situation (suppose) 
p, the vernal equinox B having retreated to and the 
colure P C having taken up the new position p c. Now a 
conical movement impressed on the axis of rotation of a 
/' globe alrea<ly rotating is equivalent to a rotation impressed 
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on tlie whole globe round the axis of the cone, in addition 
to that which the globe lias and retains round its own inde- 
pendent axis of revolution. Such a new rotation, in trans- 
ferring P to />, being performed round an. axis passing 
through TT, will not alter the situation of that point of the 
globe which has x in its zenith. Hence it follows that tt c 
passing through tt will be the position taken up by the 
meridian P C after tlie lapse of an exact sidereal day. But 
tins does not pass tlirougli S, but falls short of it by tlie 
Jiour-angle tt p S, which is yet to be described before tlie 
meridian comes up to the star. The meridian, then, has lost 
80 much on, or lagged so much behind, the star in the lapse 
of that interval. The same is true wJiatever be the arc )l p. 
After tlie lapse of any number of days, the pole being 
transferred to />, tlie spherical angle tt p S will measure tlie 
total hour angle which the meridian liUvS h>st on the star. 
iSow when S lies any where between C and r, this angle 
continually increases (though not unlforinly), attaining 
when p comes to r, and still (as will ajipcju- by following out 
the movement beyond r) increasing thence till it attains 300^ 
when p has completed its circuit. Thus in a wliole revolution 
of the ecpilnoxos, the meridian will have lost one exact 
revolution upon the star, or in 9448300 sidereal days, will 
have re-attained the star only 9448299 tiincs: in othtr 
words, the length of tlie day measured by tlic mean of tlie 
successive arrivals oi‘ any star outside of tlie circle P pq r on 
one and the same meridian is to the absolute time of rotation 
of the earth on its axis as 9448300 : 9448299, or as 
1*00000011 to 1. 

(910.) It ivS otherwise of a star situated this circle, 

as at (T. For such a star the angle ^ p ?r, expressing the 
lagging of the meridian, increases to a maxim'tmi for some 
situation of p between q and r, and decreases again to o at r ; 
after which it takes an opposite direction, and the meridian 
begins to get in advance of the star, and continues to get 
more and more so, till j) hjis attained some point between 
9 and P, where the advance is a maximum, and thence 
decreases again to o when j* has completed its circuit. 
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any star so situated, then, the moan of all the clays so 
estimated through a wlu)le period of the equinoxes is an 
absolute sidereal day, as if precession haci no existence. 

(911.) If we compare the sun with a star situated in the 
ecliptic, the sidereal year is the mean of all the intervals of 
its arrival at tliat star throughout indefinite nges, or (without 
fear of sensible error) throughout recorded history. Now, if 
we would calculate the synodic sidereal revolution of the sun 
and of a meridian of the earth hj reference to a star so situated^ 
according to the principles of Art. 418., we must proceed as 
follows : Let D be the length of the mean solar day (or 
synodic day in question) d the mean sidereal revolution of 
the meridian %mtJL reference to the same star^ and y the sidereal 
year. Then the arcs described by the sun and the meridian 

in the interval D will be respectively 360'^ y and 36QP y . 

And since the latter of these exceeds tlie former by precisely 
360*^, we have 

360 ° 5 = 360 ° -+ 360 °; 

d y 

whence It follows that 

_5 = 1 + ? 2 = 1-00273780, 

d y 

faking the value of the sidereal year y as given In Art. 383, 
viz. 365'^ 6^ 9*” 9*6®. Ihit, as we have seen, d is not the ab- 
solute sidereal day, luit exceeds it in the ratio 1 •0000001 1:1. 
Hence to get the value of the mean solar day, as expressed in 
ahsohite sidereal days, the number above set down must lie 
increased in the same ratio, which brings it to 1*00273791, 
which is the ratio of the solar to the sidereal day actually 
in use among astronomers. 

(912). It* would be well for chronology if mankind would, 
or could have contented themselves with this one invariable, 
natural, and convenient standard in their reckoning of time. 
The ancient Egyptians did so, and by their adoption of an 
historical^ and official year of 365 days have afforded the only 
example of a practical chronology, free from all obscurity or 
^’complication. But the return of the seasons, on ‘which 
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de[)cn(l all tlie more important arrangements and business of 
cultivated life is not conformable to sucli a mulliple of the 
diurnal unit. Their return is regulated by the tropical yem*^ 
or the Interval between two successive arrivals of tlie sim at 
the vernal equinox, which, as wc have seen (Art. 383.), diliers 
from the sidereal year by reason of the motion of the equinoctial 
points. Now this motion is not absolutely uniform, because the 
ecliptic, upon which it is estimated, is gradually, though very 
slowly, clianging its situation in space .under the disturbing 
influence of the planets (Art. 640.). And thus arises a vari- 
ation in the tropical year, which is dependent on the [dace of 
the equinox (Art. 383.). Tlie tropical year is actually about 
4-21* shorter than it was in the time of Hipparchus. This 
absence of the most essential requisite for a standard, viz. 
invariability, renders it necessary, since we cannot help 
employing the tropical year in our reckoning of time, to 
adopt an arbitrary or artificial value for it, so near the truth, 
as not to admit of tlie accumulation of its error for several 
centuries producing any practical mischief, and thus satisfying 
the ordinary wants of civil life ; while, for scientific purposc^s, 
the tropical year, so adopted. Is considered only as the re[>re- 
sentative of a certain number of integer days and a fraction — 
the day being, in effect, the only standard cniidoyed. The 
case Is nearly analagoiKS to the reckoning of value by guiiie;is* 
and shillings, an artificial relation of the two coins being fixed 
by law, near to, but scarcely ever exactly coincident with, 
the natural one, dctci-mincd by the relative market [iricc 
of gold and silver, of which either the one or tlic otlicr — 
whichever is really the most invaiiablc, or the most in use 
witli other nations, — may be assumed as the true theoretical 
standard of value. 

(913). The other inconvenience of the tropical»year as a 
greater unit is its incommcnsurfibility with the lesser. In 
our measure of space all our subdivisions are into aliquot 
parts: a yard is three feet, a mile eight furlongs, &c. But a 
year is no exact number of days, nor an integer Tuimb|?r with 
any exact fraction, as one third or one fourth, over and above; 
but the isuiqdus is an iniarmrmnsurahle fraction, composed of i 
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hours, minutes, seconds, &c., which produces the same kind 
of inconvenience in the reckoning of time that it would do 
in that of money, if we had gold cuius of the value of twenty- 
one shiUlngs, with odd pence and farthings, and a fraction of 
a farthing over. tliis, however, there is no remedy but 

to keep a strict register of the surplus fractions ; and, when 
they amount to a whole day, cast them over into the integer 
account. 

(914.) To do this^in the simplest and most convenient 
maiiner is the object of a well-adjusted calendar. In the 
Gregorian calendar, which we follow, it is accomplished wltli 
considerable simplicity and neatness, by carrying a little 
farther than is done above, the principle of an assumed 
or artificial year, and adopting two such years, both con- 
sisting of an exact integer number of days, viz. one of 
365 and the other of 366, and laying down a wsiinple and 
easily remeinbcrcd rule for the order in which these years 
shall succeed each otlier in the civil reckoning of time, so 
that duriiig llic lapse of at least some thousands of years tlic 
sum of the integer artificial, or Gregorian, years (lapsed 
shall not difier iVom the same number of real tro[>ical yeais 
by a whole day. By this contrivance, tlie ectulnoxes and 
solstices will always fall on days similarly situated, and 
'bearing the same name in cacdi Gregorian year; and the 
seasons will for ever correspond to the same inontlis, instead 
of running the round of the whole year, as they must do 
ujxm any other system of reckoning, and used, in fact, to do 
before this was adopted as a matter of ignorant haphazard in 
tll(^ Greek and lioman chronology, and of strictly defined 
and superstitiously rigorous observance in the Egyptian. 

(9'. 5.) The Gregorian rule is as follows; — The years arc 
denoniinafed as years current {iiot as years elapsed) 1‘rom the 
midnight between the Slst of December and the 1st of 
January immediately subsequent to the birth of' Christ, accord- 
ing to the chronological d(4:ermination of that event by Diony- 
sius E^liguus. Every year whose number is not divisible by 
4 without remainder, consists of 365 days ; every year 
/s so divisible, but is not divisible by 100, of 366 ; eVery 
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divisible by 100, but not by 400, again of 365 ; and every 
year divisible by 400, again of 366, For example, the year 
1833, not being divisible by 4, consists of 365 days; 1836 of 
366; 1800 and 1900 of 365 each; but 2000 of 366. In 
order to see how near this rule will bring us to the truth, 
let us sec what number of days 10000 Gregorian years will 
contain, beginning with the year a. D. 1. Now, in lOOOO, the 
numbers not divisible by 4 will be f of 10000 or 7500 ; these 
divisible by 100, but not by 400, will in like manner be ^ 
of 100, or 75 ; so that, in the 10000 years in ({uestion, 7575 
consist of 365, and the remaining 2425 of 366, producing in 
all 3652425 days, which would give for an average of each 
year, one with another, 365'^’2425. The actual value of the 
iropical year, (art. 383.) reduced into a decimal fraction, is 
365*24224, so the error in the Gregorian rule on 10000 r.f 
the present tropical years, is 2*6, or 2*^ 14^' 24”' ; that is to 
say, less than a day in 3000 years ; which is more tlian suf- 
ficient for all human purposes, tliose of the astronomer ex 
cepted, who is in no danger of lieing led into error from 
this cause. Even this error is avoided by extending the 
wording of the Gregorian rule one step farther than its 
contrivers probably thought it worth while to go, and 
declaring that years divisible by 4000 should consist of 365 
days. This would take off' two integer days from the above* 
calculated number, and 2 '5 from a larger average ; making 
tlie sum of days in 100000 Gregorian years, 36524225, 
winch differs only by a single day from 100000 real tropical 
years, such as they exist at present.* 

(916.) In the historical datingof events there is no yearA.P. 0. 
The year immediately previous to a*d. 1, is always called B.C, 1. 
This must always be borne in mind in reckoning chronological 
and astronomical intervals. The sum of the nominai years b.c. 
and A.D. must be diminished by 1. Thus, from Jan. 1. B.C. 4713, 
to Jan. 1. A.r>. 1582, the years elapsed are not 6295, but 6294. 

(917.) As any distance along a high road might, though in 
a rather inconvenient * and roundabout way, be expressed 
:p|thout introducing error by setting up a series of milesOmes, 

* So«? note (A) at. the enrl of tlie fhapter. 

X X 
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at intervals of unequal lengths, so tlnit every fourth mile, for 
instance, should be a yard longer than the rest, or according 
to any other fixed rule; taking care only to mark the stones 
so as to leave room for no mistake, and to advertise all 
travellers of the difference of lengths and their order of suc- 
cession ; so may any interval of time be expressed correctly by 
stating in what Gregorian years it begins and ends, and tchere^ 
ahouts in each. For this statement coupled with the decla- 
ratory rule, enables qs to say how many integer years are to 
be reckoned at 365, and how many at 366 days. The latter 
years are called bissextiles, or leap-years, and the surplus days 
thus thrown into the reckoning are called intercalary or leap- 
days, 

(918.) If the Gregorian rule, as above stated, had always 
and in all cu)untries been known and followed, nothing would 
be easier than to reckon the number of days cIaj)sod between 
the present time, and any historical recorded event. But tliis 
is not the case; and the history of the calendar, with refer- 
ence to chronology, or to the calculation of ancient obser- 
vations, may be compared to that of a clock, going regularly 
when left to itself, but sometimes forgotten to be wound ii[) ; 
and when wound, sometimes set forward, sometimes back- 
ward, either to serve particular purposes and private interests, 

• or to rectify blunders in setting. Such, at least, appears to 
have been the case with the Roman calendar, in which our own 
originates, from the time of Numa to that of Julius Cajsa?', 
>vhen the lunar year of 1 3 months, or 355 days, was augmented 
at pleasure to correspond to the solar, by whicli the seasons are 
determined, by the arbitrary intercalations of the priests, and 
the usurpations of the decemvirs and other magistrates, till 
the confusion became inextrie^ible. To Julius Caesar, assisted 
by Sosigtnes, an eminent Ahjxaiidrian astronomer and 
mathematician, we owe tl)e neat contrivance of the two years 
of 365 and 366 days, and the insertion of one bissextile after 
three common years. This important change took place in 
the 45th year before Christ, which he ordered to commence 
on the 1st of January, being the day of the new moon imme’* 
diately foUoimng the winter solstice of the year hfore. We may 



JULIAN REPORMATIOX 


675 


judge of tlic state into which the reckoning of time had fallen, 
by tlie fact, that to introduce the new system it was neces- 
sary to enact that the previous year, 46 n. 0 ., should consist 
of* 445 days, a circumstance which obtained for it the epithet 
of the year of confusion.” 

(919.) Had Caesar lived to carry out into practical effect, 
jis Chief Pontiff^ his own reformation, an inconvenience 
would have been avoided, which at the very outset threw 
the whole matter into confuvsion. The words of his edict, 
establishing the Jidian system have not been handed down 
to us, but it is probable that tliey contained some expression 
equivalent to “ every fourth year,” which the priests misin- 
terpreting after his death to mean (according to the sacerdotal 
system of numeration) as counting the leap year netvly elapsed 
as No. 1, of the four, intercalated eve/ry third instead of every 
4th year. This erroneous practice continued during 86 y cjirs, 
in which therefore 12 instead of 9 days were intercalated, 
and an error of* three days produced; to rectify which, 
Augustus ordered the suspension of all intercalation during 
three complete quadriemna, — thus restoring, as may be pre- 
sumed his intention to have been, the Julian dates for the 
future, and re-establishing the Julian system, which Avas 
never after\vards vitiated by any error, till the epoch wlien 
its own inherent defects gave occasion to the ( 1 regorian ' 
reformation. According to. the Augustan reform the years 
A.u. C. 761, 765, 769, &c., w^hich we now call a.d. 8, 12, 
16, &c., are leap years. And starting from this as a certain 
.f‘act, (for the statements of the transaction by classical authors 
are not so precise as to leave absolutely no doubt as to the 
previous intermediate years,) astronomers and chronologists 
have agreed to reckon backwards in unbroken succession on 
this principle, and thus to carry the Julian chronology into 
past time, as if it had never suffered such interruption, and 
as if it were certain^ that CaBsar, by way of securing the 
intercalation as a matter of precedent, made bis initial yenr 

* Scaligcr, Idelcr, and the best authorities consider it probable. A .strong, if 
not decisive, argument, in its favour^ is that Augustus evidently inlendh^g to rein- 
state the JtiUan idea, and with a clear view of the recent inconveniences present U 
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4;3 B.c. a leaj) vear. Whenever, therefore. In the relation of 
any event, either in ancient history, or in modern, previous 
to the change of style, the time is specified in our modern 
nomenclature, it is always to be understood as having been 
identified with the assigned date by threading the mazes (often 
very tangled and obscure ones) of special and national chro- 
nology, and referring the day of Its occurrence to its place in 
the Julian system so interpreted, 

(920.) Different nations in different ages of the world have 
of course reckoned their time in different ways, and from 
different epochs, and it is therefore a matter of great con- 
venience that astronomers and chronologists (as they have 
agreed on tfic uniform adoption of the thilian system of years 
and months) sliould also agree on an epoch antecedent to 
them all, to which, as to a fix(.‘d point in time, the whole list 
of chronological eras can be diflercntially referred. Such an 
epoch is the noon of the 1st of January, B.c. 4713, which is 
called the epo: h of the Julian period, a cycle of 7980 Jidian 
years, to understand the origin of which, we must explain 
that of three subordinate cycles, from whoso combination it 
takes its rise, by the multiplication together of the numbers 
of years sevei'ally contained in them, viz: — the Solar and 
Lunar cycles, and that of the Indictions. 

(921.) The Solar cycle consists of 28 Julian years, after 
the lapse of which the same days of the week on the Julian 
system would always return to the same days of cacl) month 
throughout the year. For four sucli y('ars consisting of 1461 
days, which is not a multiple of 7, it is evident that the least 
number of y<-‘ar3 which will fulfil this condition must be 
seven times tluit interval, or 28 years. The place in this 
cycle for any year A. D., as 1849, is found by adding 9 to the 
year, and* dividing by 28. ^ The remainder is the number 
sought, 0 being counted as 28, 

to his mind, did actually direct the future intercalations to take place in odd years 
u.c. Such then, no doubt, must have been Oesar’s intention. For the correc- 
tion of Roman dates during tl«e fifty-two years fcetween the Julian and Augus- 
tan reformations, see Ideler, “ IJandbucb dcr IMathetnatischen iind rechnischen 
Chronologic,” which we take for our guide tin ougl)out tliis chapter. 
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(922.) The Lunar cycle consists of 19 years or 235 luna- 
tions^ which differ from 19 Julian years of 365 days only 
by about an hour and a half, so that, supposing the new 
moon to happen on the first of January, in the first year of 
the cycle, it will lKij>pen on that day (or within a very short 
time of its beginning or ending) again after a lapse of 19 
years; and all the new moons in the interval will run on the 
same days of the month as in the preceding cycle. This 
period of 19 years is sometimes calle.d the Metonic cycle, 
from its discoverer Melon, an Athenian mathematician, a dis- 
covery duly appretiated by his countrymen, as ensuring the 
correspondence between the lunar and solar years, tlie former 
of which was followed by the Greeks. Public honours were 
decreed to him for this discovery, a circumstance A’^ery 
expressive of the annoyance which a lunar year of necessity 
inflicts on a civilized people, to whom a regular and simple 
calendar is one of the first necessities of life. A cycle of 
4 X 19 = 76 years was jiroposed by Callippus as a supposed 
improvement on the Metonic, but in this interval the errors 
accumulated to 6 hours and in 4 x 76 = 304 years to an entire 
day. To find the place of a given year in the lunar cycle, 
(or as it is called the Golden Number,) add 1 to the number 
of the year a, d., and divide by 19, the remainder (or 19 if 
exactly divisible,) is the Golden hTumber. 

(923.) The cycle of the indictions is a period of 15 years 
used ill the courts of law and in tlie fiscal organization of 
the Roman empire, under Constantine and his successors, 
and thence introduced into legal dates, as the Golden Num- 
ber, serving to determine Easter, was Into ecclesiastical ones. 
To find the place of a year in the indiction cycle, add 3 and 
divide by 15, The remainder (or 15 if 0 remain) is the 
number of the indictional year. , 

(924.) If wc multiply togefher the numbers 28, 19, and 
15, we get 7980, and, therefore, a period or cycle of 7980 
years will bring round the years of the three cycles again in 
the same order, so that eacli year shall hold the same place in 
all the three cycles as the corresponding year in the foregoing 
[icriod*. As none of the three numbers in (Question have anj{ 
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coiniiioii factor, it is evident that no two years in the same 
compound period can agree in all the three particulars : so 
that to specify the numbers of a year in each of these cycles 
ivS, in fact, to specify the year, if wltliln that long i)ei*iod ; 
which embraces the entire of authentic chronology* The 
period thus arising of 7980 Julian years, is called the iJulian 
period, and it has been found so useful, that the most com- 
petent authorities have not hesitated to declai'e that, through 
its employment, light and order were first introduced into 
chronology.* We owe its invention or revival to »Jose[*li 
Scaliger, who is said to have received it from the Greeks of 
Constantinople. The iirst year of the current Julian {)crio(l, 
or tliat of which the number in each of tlie tliree subordiuaic 
cycles is 1, was the year 4713 b. c., and the noon of Uu; 
1st of January of tliat year, for the meridian of Alexandria, 
is tlie chronological epoch, to 'which all historical eras arc 
most readily and intelligibly referred, by computing the 
number of integer days intervening between that epoch and 
the noon (for Alexandria) of the day, which is reckoned to 
be the first of the particiilai' era In <|uestion. The meridian 
of Alexandria is chosen as that to whicli lhx)lemy refers the 
commencement of the era of Nabonassar, the basis of all his 
calculations. 

. (925.) Given the year of the Julian period, those of the 
eubordinate cycles are easily determined as above. Con- 
versely, given the years of the solar and lunar cycles, and of 
the indietion, to determine the year of the Julian period 
proceed as follows : — Multiply the number of the year in 
the solar cycle by 4845, in the lunar by 4200, and in the 
Cycle of the Tndictions by 6916, divide the sum of the pro- 
ducts by 7980, and the remainder is the year of the Julian 
period soiigj;»t. 

(926.) The following table contains these intervals for 
i^mc of the more important historical eras: — 


ideier, lltinJbuch, &c. vol. {. it. 77. 
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Intervals in Days between the Commencement of the Julian 
Periody and that of some other remarkable chronological 
and astronomical liras J 



First day 

1 

Chronological 

Current Year 

interval. 

Kanif^s by which the Era is Uftnally cited. 

current of 

Designation 

of the Julian 


^the Rra, 

ot the Year. 1 

Period. 

t ot 6 i ur* 

rent add 1 . 

Julian Epochs, 

Julian Dates. 




Julian period - - 

Jan. 1. 

B.C. 4713 

1 

0 

Creation of the world (Usher) 

(Jan. 1.) 

4004 

710 

258,963 

Era of the Deluge (Ahoulhassan 

E\'b. 18. 

* 3102 

1612 

588,466 

Kuschiar) 

Ditto Vulgar Computation 

(Jan. 1.) 

2348 

2366 

863,8 1 7 

Era of y\hraham (Sir H. Nicolas) - 

Oct, 1. 

2015 

26*99 

985,718 

Destruction of Troy, (ditto) 
Dedication of Solomon^s Temple 

July 12. 

1184 

3530 

1,289,160 

(May L) 

1015 

36.99 

1,350,81.5 

Olympiads (mean epoch in general 

July 1. 

770 

3938 

1,4.38,17) 

use j 





Building of Rome ( Varroiiian epoch, 
u, c.) 

Era of Nabonassar . - - 

April 22. 

753 

3961 

1,446,502 

Fob. 26\ 

747 

3967 

1,448,638 

Eclipse of Thales - - - 

May 28. 

585 

4 1 29 

1,.507,9(X) 

Eclipse of Larissa - - - 

May 19 

557 

4157 

1,518,1 18 

Metonic cycle (Astronomical epoch) 

July 15. 

4.32 

4i^82 

1,563,8.31 

Callippic cycle Do. ( Biot) 

June 28. 

.3.30 

4384 

1,599,608 

Philippic era, or era of Philip Aridteus 

Nov. 12. 

324 

4390 

1 ,603.398 

Era of the SeleucidaEj , • 

Oct. 1. 

.312 

4 402 

1,607,739 

Eclipse of Agathoclcs - - - 

Aug. 15. 

310 

4404 

1,608,4 22 

Cwsarean era of Antioch 

Sept. 1. 

49 

4665 

1,703,770 

Julian reformation of the Calendar 

Jan. 1. 

45 

4669 

1,704,.987 

Spanish era - - - - - 

Jan. 1. 

38 

4676 

l,707,.5-H 

Actian era in Rome . - - 

Jan. 1. 

30 

4684 

1,710,466 

Actian era of Alexandria 

Aug. 29. 

30 

4684 

1,710,706 

Vulgar or Dionysian era 

Jan. 1. 

A. n. 1 

4714 

1,7 2 174 2 4 

Era of Diocletian _ - - 

Aug. 29- 

284 

4997 

1,825,030 

Dcjira (astronomical epoch, new 

July 15. 

622 

5335 

1,948.439 

moon) 

Era of Yezdegird - • » - 

June 16. 

632 

5345 

1,952,063 

Eiclipse of Siicklastad - , - 

Aug. 31. 

1030 

5743 

2,097,508 

Geia!a*an era (Sir H, Nicolas) 

March 14. 

1079 

5792 

2,1 1 5,235 

Last day of Old Style (Catholic 

Oct. -4 

1583 

6295 

2,299, 1 60 

nations) 

Last day of Old Style in England - 

Sept. 2. 

1752 

646.5 

2,361,221 

Gregorian Epochs* 

Greporian 

Dates. 


t 

i 

New Style in Catholic nations 

Oc^ 15. 

1 582 

6295 

2,299, 1 6 1! 

Ditto in England - 

Sept. 1 4. 

1 752 

6465 

2,361,222 

Commencement of the 19th century. 

Jan. 1. 

ISOl 

6514 

2,378,862 

Epoch of Bode*s catalogue of stars 
Epoch of the catalogue of stars of 

Jan. I. 

1830 

6543 

2,389,454 

the 11. Astronomical Society^ 
Epoch of the catalogue of the British 

Jan. 1. 

1850 

6563 

2,396,759 

Association 



] 

. , 


* Sec ( 0 ) .It \hv end of this ehapter. 
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(027.) The detenulnation of the exact interval between 
any two given dates, is a matter of such importance, and, 
unless methodically performed, is so very liable to error, that 
the following rules will not be found out of place. In the 
first place it must be remarked, generally, that a date, 
whether of a day or year, always expresses the day or year 
current and not elapsed^ and that the designation of a year 
by A, D. or B. 0. is to be regarded as the name of that yeax’, 
and not as a mere number uninterruptedly desiynatiny the 
place of the year in the scale of time. Thus, in the date, 
Jan. 5. B. c. 1, Jan. 5 docs not mean that 5 days of Ja- 
nuary in the year in question have elapsed, but tliat 4 
have elapsed, and the 5th is current. And the B. c. 1, in- 
dicates that the first day of the year so named, (the first year 
current before Christ,) preceded the first day of tlie vulgar 
era by one year. The scale of a.d. and B.c., as already ob- 
served, is not continu ms, the year 0 in both being wanting ; 
so that (supposing the v^ulgar reckoning correct) our Saviour 
was born in the year b.c. 1. 

(928.) To find the year current of the Julian period^ (j. u.j 
corresponding to any given year current B. <;. or a. d. If B.c., 
subtract the number of the year from 4714 : if A. D., add its 
number to 4713. For examples, see the I’oregoing table, 
t (929.) To find the day current of the Julian period cor- 
responding to any given date^ Old Style, Convert the year B. c. 
or A, D. into tlie corresponding year J, r. as aliove. Subtract 
1 and divide the number so diminished by 4, and call Q the 
integer quotient, and R the remainder. Then will Q be 
the number of entire quadriennia of 1461 days each, and li 
the residual years, the first of which is always a leap-year. 
Convert Q into days by the help of the first of the annexed 
tables, and^R by the second, and the sum will be the interval 
between the Julian epoch, and the commencement, Jan. 1. 
of the year. Then find the days intervening between the 
beginning of Jan. 1., and that of the date-day by the third 
table, using the column for a leap-year, where R=0, and 
that for a common year when R is 1, 2, or 3. Add the days 
so found to those in Q + R, and the sum will be thu day? 
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elapsed of the J ulian period, the number of which increased 
ly L gives the day current. 


Tadi-b 2, Dny.s in H 
Rrsidual yem-s. j 

0 

0 

1 

me> 

2 

731 

3 

1096 


Taulk 1. Multiples of the days in a 

Julian (liinHrknnitiin. 

1 

H161 

4 

5844 

7 

10227 

2 

2922 

5 

7305 

8 

IJ688 

9 

4383 


8766 

9 

13149 


Tabi.k S. — Days elapsed from Jan. 1, to the 1st of each Month. 



In a common 
Year. 

In a leap 
Year. 


In a i oniinon 
Year. 

In a leap 
Year. 

Jan. 1. 

0 

0 

1 July I. - 

181 

182 

Feh. I. 

31 I 

31 

! Aug. 1. 

212 

213 

March 1. - 

59 1 

60 

! Sept. 1. 

243 

244 

i A])ril I. - I 

90 i 

91 

j Oct, 1. 

273 

274 

j May I. 

120 ] 

121 

} Nov. 1, 

304 

305 

1 .June 1, - 1 

! 151 

152 

! Dec. 1. 

334 

335 


Example. — What is the current day of the Julian period 
i^orresponding to the last day of Old Style in England, on 
Sept. 2,, A.D. 1752. 


1752 


1000 

1,461,000 

4713 


600 

876,600 

6465 year current. 

1 


TO 

6 

14,610 

8,766 



RssO 

0 

4)6164 years elapsed. 

Jan. 

1. to Sept. I. 

244 

Q ^ 16161 

Sept. 

1. to Sejjt. 2. 

1 

li-.~ OJ 


Current day 

2,361,221 1 
the 2,361/222^ 


t930.) To find the same for any given date, New Style. 
Proceed as above, considering the date as a Julian date, and 
disregarding the change of style. Then from the resulting 
days, subtract as follows ; — » 


Tor any date of New Style, antecedent to March I. a, n. 1700 
After Feb. 28. 1700 and before March 1. a. d. 1800 - 

„ 1800 „ „ 1900 . 

H 1900 „ „ . 2100 . 


*10 days, 

* 1 1 days. 

- 1 2 days. 

- 13 days, Ac. 


(931.) To find the interrMl heHoeen any two dates^ whethtr 
of Ohbor New Style, 07 * one of one, and one of the other, Fim^ 
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the day current of the Julian period corresponding to each 
date, and their difference is llie interval required. If the 
dates contain hours, minutes, and seconds, they must be 
annexed to their respective days current, and the subtraction 
performed as usual. 

(932.) The Julian rule made every fourth year, without 
exception, a bissextile, heginiting with the year J. P. 1 , which 
is to he accounted as such. This is, in fact, an over-correc- 
tion ; it supposes the length of the tropical year to be 
which is too great, and thereby induces an error of 7 days in 
900 years, as will easily appear on trial. Accrordingly, so 
early as the year 1414, it began to be perceived that the 
equinoxes were gradually creeping aAvay from the 2 1st of 
March and September, where they ouglit to have always 
fallen had the Julian year been exact, and hajipening (as it 
appeared) too early. The necessity of a fresh and effectual 
reform in the calendar was from that time continually urged, 
and at length admitted. The change (which took place 
under the popedom of Gregory XIII.) consisted in the 
omission of ten* nominal days after the 4 tli of October, 1582, 
(so that the next day was called the 15th, and not the 5tl), ) 
and the promulgation of the rule already explained for future 
regulation. Tl^ie change was adopted immediately in all 
oatliolic countries; but more slowly in protestant. In England, 
the change of style,” as it was called, took place after the 
2d of Sej>tember, 1752, eleven nominal days being tlicn 
struck out; so that, the last day of Old Style being the 2d, 
tlie first ol' Kew Style (the next day) was called the 14th, 
instead of the 3d. 4 he same legislative enactment which 

established the Gregorian year in England in 1752, shortened 
the preceding year, 1751, by a full quarter. Previous to 
that tirney tke year was held to heyin unth the 2“)th March^ 
and the year a.d. 1751 did so accordingly; but that year 
Avns not suffered to run out, but was vsupplanted on the 1st 
#lanuary by the year 1752, which (as well as every subse- 
quent year) it was enacted should convnence on tliat day, so 
that our English year 1751 was in effect an annus confu- 

rojiis/’ and consisted of only 282 days. Russia is ndw the 

« 

See nolo at th<» eiul fjf thi r-lisiilrr. 
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only country in Europe in which tlie Old Style is still ad- 
hered to, and (another secular year having elapsed) the difl'er- 
cnce between the European and Russian dates amountvS, at 
present, to 12 days. 

(933.) It is fortunate for astronomy that the confusion ot 
dates, and the irreconcilable contradictions which historical 
statements too often exhibit, when confronted with the best 
knowledge we possess of tlie ancient reckonings of time, 
atfcct recorded observations but little. An astronomical 
observation, of any striking and well-marked ])hienon)enon, 
carries with it, in most cases, abundant means of recovering 
its exact date, when any tolerable approximation is al- 
ibrded to it by chronological records ; and, so fir from 
being abjectly dependent on the obscure and often contra- 
dictory dates, wliich the comparison of ancient authoiities 
indicates, is often itself tlie surest and most convincing 
evidence on which a chronological epoch can be broiiglit to 
vest. Remarkable eclipses, for instance, now that the lun;ir 
tlieory is tliorongbly understood, can be calculated back fox 
s: veral thousands of years, without tlie possibility of mis- 
taking the day of their occurrence. And, whenever any 
such eclipse is so iuterwovon with the account given by an 
ancient author of some historical event, as to indicate jirc- 
cisely the interval of time hetween the eclipse and the event, 
and at the same time comjilctely to identify the eclipse, that 
date is recovered and fixed for ever. This has been done in 
the cases of four very remarkable total eclipses of the sun, 
(the dates of which arc accordingly entered as cpoclis in 
the table of Chronological Eras, ?'rt. 926), Avhichhavo giv^eii 
rise (at least one of them) to much discussion and diversity of 
opinion among astronomers, but which have at length been 
definitively settled by Mr. Airy on the occasion of the recent 
publication of Prof. Hansen’s Lunar Tables, the accuracy of 
which is such as to justify the most entire reliance on the 
results of such calculations grounded upon them. 

(933 «.) The solar eclipse designated as that of Thales ’’ 
is the celebrated one which is stated by^ Herodotus to have 
been predicted hy that philosopher, and to have caused the^^ 
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suspension of a battle between the Medes and Lydians, fol- 
lowed by a treaty of peace. Only a total eclipse, as Mr. 
Baily had clearly shown, could have so attracted the atten- 
tion of the combatants ; and in a very remarkable memoir on 
the subject (Phil. Trans. 1811) that eminent astronomer 
was led, by the use of the best tables then in existence, to 
identify this eclipse with the total one of Sept. 30th, B.c. 610, 
which, according to those tables, must have pavssed over tine 
mouth of the river Ilijlys (where it had all along been assumed, 
though without any positive grounds for the assumption, the 
battle was fought). The same conclusion having been ar- 
rived at by M. Oltmarms, the point was supposed to be 
settled. Prof. Hansen’s tables, hoAvever, throw the path of 
the shadow in this eclipBC altogether out of Asia Minor, and 
even north of the sea of Azof, On the other hand the eclipse 
of B.c. 585, which was also total, passed, according to those 
tables, over Issus, a locality satisfying all the circumstantial 
and general military conditions of the narrative even better 
than the Halys, and at this spot there can now be little or no 
doubt the battle was really fought. 

(933 h.) The total eclipse of the sun which was witnessed 
by the fleet of Agathocles in his escape from Syracuse, block- 
aded by the Carthaginians, on tlie second day of his voyage 
<0 Cape Bon, had been considered by Mr. Bally in the memoir 
above cited, and found to be incompatible (according to the 
then existing tallies) with the year B.c. 310, supposing the 
former eclipse to have been rightly identified. This having now 
been shown not to be the case, it is all the more satisfactory 
to find that, under very reasonable and natural sujipositions 
respecting Agathocles’ voyage, the total eclipse wdiich did 
^ undoubtedly pass on the date assigned very near the southern 
corner of iiicily might have enveloped his fleet, and that no 
other eclipse by possibility could have done so. 

(933 c.) The eclipse of Larissa” is related by Xenophon 
to have caused the capture of the Asiatic city of that name, 
by producing a panic terror in its Median defenders, of wdiich 
the Persian besiegers took advantage. The site of Larissa 
chas been satisflictorily identified by Mr, Layard witli NiM- 
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noiJD, and a pyramid of stone close to It (the city being of 
burnt brick on a substructure of stone) is expressly men- 
tioned by Xenophon, the ixunains of which still exist; as well 
as those of a neighbouring castle near Mesplla (Mosul) built 
of shelly stone^ (also expressly mentioned as such by the Greek 
historian). According to Hansen’s tables the total eclipse 

of May 19th, B.C. 5o7, passed centrally over 

the total shadow being in this instance a very small one, not 
exceeding some 25 miles in diameter,- -we are thus presented 
with a datum, in those remote times, having all the precision 
of a most careful modern observation, not only for establish- 
ing a chronological epoch, but for affording a point of refe- 
j cnce in the history of the moon’s motion. The eclipse of 
Sticklastad is of no historical importance.* 

(934.) The days thus parcelled out into years, the next 
step to a perfect knowlcMlge of time is to secure the identifi- 
cation of each day, by imposing on it a name universally 
known and employed. Sim-e, however, the days of a whole 
vear are too numerous to admit of loading the memory with 
distinct names for each, all nations have felt the necessity of 
breaking them down into parcels of a more moderate extent; 
giving names to each of these parcels, and particularizing the 
days in each by numbers, or by some especial indication. 
The lunar month lias been resorted to in many instances^ 
and some nations liave, in fact, preferred a lunar to a solar 
chronolo<xv altogether, as tlie Turks and Jews continue to do 
to this day, making the year consist of 12 lunar months, or 
354 days. Our own division into twelve unequal months is 
entirely arbitrary, and often productive of confusion, owing 
to the equivoque between the lunar and calendar month. f 
The intercalary day naturally attaches itself to February as 
the shortest month. 

V 

* Ihefiolar eclipse in the first year of the Peloponiicsifni War, which was total 
ut Athens, “some stars becoming visible,** according to 'rhucydides, deserves to 

recomputed. See Ileis. ile supposes the eclipse not total, and the “ stars *‘ to 
have been planets. 

f ** A month in law is a lunar month or twenty-eight days,^’ (! ! sec Art. 
418.) ** unless otherwise expressed.** — Blackstone, ii. chap. 9. : “a lease for twelve 
months is only for forty-eight weeks,” Ihid,; yet the same eminent authority 
(Inirod. 8 8. ) informs us that “the law is the perfection of reason,*’ and that 
“ what is not reason is not law ,*’ ’ 
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(935.) Astroiiovnical time roolcons from tlie noon of the 
current day ; civil Irorn tiui preceding midnight, so that the 
two dates coincide only during the earlier half of the astrono- 
mical and the latter of the civil day. This is an inconvenience 
which might be remedied by shifting the astronomical epoch to 
coincidence with the civil. There is, however, another incon- 
venience, and a very Kserious one, to wlilch both are liable, 
inherent in the nature of the day itself, which is a local phxeno- 
menon, and commeiices at different instants of absolute time, 
under different meridians, whether we reckon from noon, 
midnight, sunrise, or sunset. In consequence, all astronomical 
obsein ations require in addition to their date, to render them 
comparable with each othei% the longitude of the place of 
observation from some meridian, commonly respected by all 
astronomers. For geographical longitudes, the Isle of 
Ferroe has been chosen by some as a common meridian, 
indifferent (and on that very account offensive) to all nations. 
Were astronomers to follow such an example, they would 
probably fix upon Alexandria, as that to which Ptolemy’s ob- 
s(Tvations and eomputations were reduced, and as claiming 
on that account the respect of all while offending the national 
egotism of none. But even this will not meet the whole 
difficulty. It will still remain doubtful, on a meridian 18(P 
^^emoto from that of Alexandria, what day is intended by any 
given date. Do what we will, when it is Monday the 1st of 
•January, 1849, in one part of the world, it will be Sunday 
the 3ist of December, 1848, in another, so long' as time is 
reckoned by local hours. This equivcxpie, and the necessity 
of specifying the geographierd locality as an element of the 
date, can only he got over by a reckoning of time which 
refers itself to some event, real or imaginary, common to 
all the gl<^be. Such an event is the passage of the sun 
through the vernal equinox, or rather the passage of an 
imaginary sun, supposed to move with perfect equality, 
through a vernal equinox supposed free from the inequalities 
of nutation, and receding upon the ecvMptic with perfect uni- 
formity* The actual equinox is variable, not only by the 



i:quinoctial time. 


687 


eftvict of ntitjit'ion, but by that of the iiKKjuality of precesHioii 
retiulting from the chauge in the plane of the ecliptic due to 
planetary perturbation. Both variations are, however, pe- 
riodical, the one, in the short period of 19 years, the other, 
in a period of enormous length, hitherto uncnlculated, and 
whose maxiinurn of fluctuation is also unknown. This would 
ap[)ear, at first sight, to render impracticable the attemjit to 
obtain from the sun’s motion any rigorously uniform measure 
of time. A little consideration, howevyr, will satisfy us that 
such is not the case. The solar tables, by which the apparent 
place of the sun in the heavens is represented with almost 
absolute precision from the earliest ages to the present time, 
are constructed upon the supposition that a certain angle, 
which is called the snn’s mean longitude,” (and whicli is 
in effect the sum of the mean sidereal motion of the sun, plus 
the mean sidereal motion of the equinox in llie op})r)site 
direction, as near as it can be obtained from the accumulated 
observations of twenty -five centuries,) increases with rigorous 
uniformity as time advances. The conversion of this mean 
longitude into time at the rate of 3(>(T to the mean tropical 
year, (such as the tables assume it,) will therefore give us 
both the unit of time, and the uniform measure of its lapse, 
which we seek. It will also furnlsli us with an epoch, not 
indeed marked by any real event, but not on that account* 
the less positively fixed, being connected, through the medium 
of the tables, with every single observation of the sun on 
which they have been constructed and with which com{)ared. 

(936.) Such is the simplest abstract concejition of equi- 
noctial time. It is the mean longitude of the sun of some 
one approved set of solar tables, converted into time at the 
rate of 360'' to the tropical year. Its unit is the mean 
tropical year which those tables assume, and no other ^ and its 
epoch is the mean vernal equlfiox of tliesc tables for the 
cAirrent year, or the instant when the mean longitude of the 
tables is rigorously 0, according to the assumed mean motion 
of the sun and equinox, jthe assumed cjioch of mean longitude, 
and the assumed equinoctial point on which the tables have 
been computed, and no other. To give complete effect to ^ 
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tlils idea. It only remains to specify the particular tables 
fixed upon for the pui'pose, which ought to be of great and 
admitted excellence, since, once decided on, the very essence 
of the conception is that no subsequent alteration in any respect 
should he made, eren when the continual pray ress of astroiiornical 
science shall have shovm any one or all of the elements concerned 
to he in some minute degree erroneous (as necessarily they 
must), and, shall have even ascertained the corrections they 
require (to be themselves again corrected, when another sto]) 
in refinement shall have been made), 

(9*17 ) Delambre’s solar tables (in 1828) when this mode 
of reckoning time vavS first introduced*, appeared entitled tv) 
this distinction. According to these tables, the sun’s mean 
longitude was if, or the mean vernal equinox occurred, in the 
year 1828, on the 22d of Marcli at 1^ 2"^ 59®*05 mean time 
at Greenwich, and therefore at 1^* 12™ 2()’'*65 mean time at 
I^aris, or I*' 56™ 55 mean time at Berlin, at which instant, 

therefore, the equinoctial time was 0'^ 0’^ 0™ being the 

commencement of the 1828th year current of equinoctial 
time, if we choose to date from the mean tabular equinox, 
nearest to the vulgar era, or of the 654;lst vear of the Julian 
period, if we prefer that of the first year of that period, 
(938,) Equinoctial time then dates from the mean vernal 
equinox of Delambre’s solar tables, and Its unit is the mean 
tropical year of these tables (365^*242264). Hence, having 
the fractional part of a day expressing the difference between 
the mean local time at any place (suppose Greenwich) on 
any one day between two consecutive mean vernal equinoxes, 
that difference will be the same for every other day in the 
same interval. Thus, between the mean equinoxes of 1828 
and 1829, the difference between equinoctial and Greenwich 
lime is 0*^^*956261 or O*' 22^ 57™ 0®*95, Avhich expresses the 
( quinoctial day, hour, minute, and second, corresponding to 
mean noon at Greenwich on March 23, 1828, and for the 
noons of the 24th, 25th, &c*, we have only to substitute Id, 
2d, &c. for 0**, retaining the same dj^cimals of a day, or the 
same hours, minutes, &c,, up to and including March 22, 

♦ On the' instance of the author of these pages. 
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1829. Between Greeiiwlcli noon of the 22 J and 2.'kl of 
March, 1829, the 1828th equinoctial year terminates, and 
the 1829th commences. This happens at 0^*286003, or at 
(;h /^|ra ;)Q 8 *g (5 Grecnwicli mean time, after which hour, and 
until the next noon, the Greenwich hour added to equinoctial 
lime 3fi4'^*95G261 will amount to more than 365*242264, a 
complete year, which has therefore to be subtracted to get 
the equinoctial date in the next year, corresponding to the 
(7r4?0Jiwich time. For example, at 12^ O'"' 0* Greenwich 
mean time, or 0‘^'500000, the equinoctial time will be 
364‘9562610 4 •t^00000=:365'456261, which being greater 
than 365*242264, shows that the equinoctial year current has 
changed, and the latter number being subtracted, we get 
0^*213977 for the equinoctial time of the 1829th yearcurx’ent 
corresponding to March 22, 12^' Greenwich mean time. 

(939.; Having, therefore, the fractional part of a day 
for any one year expressing the equinoctial hour, &c., at the 
mean noon of any given phu^.e, that for succeeding years will 
be had by subtracting 0"**2422(>4, and its multiples, from such 
fractional part (increast^d if necessary by unity), and for pre- 
ceding years by adding them. Thus, having found 0*198525 
tor the IVactional part for 1827, we find for the fractional 
[larts for succeeding years up to 1853 as follows* • 


1828 

•956261 

1835 

•26041 3 

1 1842 

'564565 

1848 

•110981 

1829 

•713997 

1836 

•018149 

1843 

•322301 

1849 

•868717 

1 830 

•471733 

1837 

•775885 

1 1844 

•080037 

1850 

•626453 

1831 

•229469 

1838 

•533621 

i 1845 

•837773 

1851 

•384189 

1832 

•987205 

1839 

•291357 

1846 

•595509 

1852 

•14 1925 

1833 

1834 

•744941 

•502677 

1840 

1841 

•049093 
•806829 ’ 

1847 

•353245 

1853 

•899661 


* These numbers differ from those in the Nautical Almanack, and would 
require to be substituted for them, to carry out the idea of equinoctial time as 
above laid down. In the years 18iJ8 ^ — >1833, the late eminent editor of’ tint 
work. Dr. Younji:, used an equinox slightly differing from that Delambre, 
which accounts for the difference in those ye^rs. In 183*1, it would appear that 
a deviation both from the principle of the text and from the previous practice of 
that ephemeris took place, hi deriving the fractio:' foi 1834 from that for 1833, 
which has bt*en ever since perpetuated. It consisted in rejecting the mean 
lopgirinic of Delambic’s tiibles. and adopting BessePs correction of that element, 
'rheeficet of this alteration was to insert .3®’ 3*'<>8 of purch/ imoffinnry time between 
t he end of the equinoctial year 18^3 and the beginning of 1834, or, in other words, 
to make the intervals between the noons of Mart h 22 and 23, 1 834, 24^ .3» 3* ^8, 
when reckoned by equinoctial time. In 1885, and in all stibsequent ye.ar8, a fur- 
ther departure from the principle of the text took place by substituting Bessel's 

V Y 
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tropical year of ,S65-242217.> for Delamhrc’s. I hus the whole subject fell into 
confusion. Under the present eminent superiuteiHieiit of the Nautical Alma- 
n:ick a compromise has been effected — a fixed equinoctial year of 
mean solar davs has been ado})ted fand it is to be hoped will Itenceforward he 
adli red to), and eorreciions stated by which the data in the Almanacks for 1^28 
— may be brouxlit imo consistency with those in after years. A('c*>rdin^ 
to tills arrangement the fractional pans in question for 1828 — 1856 will run as 
follows : — 


1828 


1 836 

•020593 

1843 

*325081 

1850 

•629569 

1829 

•716105 

18.37 

•778.377 

1844 

•082865 

1851 

•387353 

1830 

•473889 

1838 

•5361 61 

1845 

■84064.9 

18.52 

•H5137 

1831 

•23167.3 

1839 

•293945 

1846 

*.598433 

1 853 

•902921 

1832 

•989 l.'iV 

i 840, 

‘051729 

1847 

•356217 

1854 

•660705 

1833 

•747241 

1841 

•809513 

1848 

•1 14001 

1855 

•418489 

1831 

1835 

•50.5025 

•262809 

1842 

‘567297 

1849 

871785 

1856 

•176273 


(A) o« Jrt (916.) 

A rule proposed by Omar, a Persian astronomer of the court of Gelalecldin 
Melek Schah, in a.i>. 107y, (or more than five centuries before the reformation of 
Gregory) deserves notice, Jt consists in interpolating a day, as in the Julian 
system, every fourth year, only postponing to the 88d year the intercalation 
which on tliat system would be made in the 82d. rids is equivalent to omitting 
the Julian intercalation altogether in each 12Sth year (retaining all the others). 
To produce an accumulated error of a tlay on this system would require a lapse 
of 5000 years, so that the Pi-rsian astronomer’s rule is not only far more simple, 
but materially more exact than tiie Gregorian.] 

[ Ante (B) on (926.) 

The civil epochs of the IMclonic cycle, and tlie Hejira, are each one tlay 
later than the astronornicak the latter being the epochs of tire absolute 
Wioow^, the former those of the earliest possible visibility of the lunar crescent 
in a tropical sky M. Bitit has shown that the solstice and new moon not 
only coincided on the day here set tlowii as the commencement of the Caliipplc 
cycle, but that, hy a ha})py coincidence, a bare possibility existed of seeing the 
crescent moon at Athens within that day^ reckoued f) om midniyht to mhlniylit.^ 

[Ao^e (C) on Art. (982.) 

I’he reformation of Gregory was, after all, incomplete. Instead of 10 days 
he ought to have omitted 12. Tlie interval from Jan. 1, a. n. 1, to Jan. 1, a. i>. 
1582, reckoned .as Julian years, is 577-160 days, and as tnipical, 577448, with 
an error not exceeding the difierence being 12 days, whose omission 

would have completely restored the Julian epoch. But Gregory assumed for 
his fixed point of departure, not that epoch, but one later by 324 years, viz. 
Jan. L A.D. 325, the year of the Council of Nice; a.ssuming which, the dif- 
ference of the two reckonings is9‘^ V)05, or, to the nearest whole number, iC 
days. To ^iich as may have occasion, in an insulated case, to compute the 
interval between the beginnings df two proposed yciirs, or the number of 
days elapsed from Jan. J.st 0*‘ of the one to Jan. 1st O*" cf the other, the fol- 
lowing formula* will be found useful, in which it is to be observed that the 
m 

notiitiuu ----is used to express the integer portion only of the quotient when 

one number m is divided by another «, and vfhere D is the number of days 
required. 
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Cm 1. — Years ])eforc Christ - from b,o. x to a.d. 1, 


D .r. + 


X + 4 


C’aso 2. — Years after Christ— from a.o, 1 to a.ij. x. 


(A) 

(B) 


X — I 

1) — 1 ) . Sl)5 + 

X - 1 

D == (.r I ) . 1 


X ^ 200 J 

K )0 ^ -ioo 


where the formula (A) is to be used if the later date (x) is before the change of 
style ill that particular country for which the calculation is made, and (H) if 
of ter 


[Note (D), Art, (223 a.) 

(223 a. ) Since tlie tabJc of measured arcs in Art. 216 was 
conipilcd, vast additions have been made to our knowledge of 
the true figure and dimensions of our globe ; especially 
through the extension of the two great arcs of Russia and 
India, the former of which has })een enlarged to an anijilitude 
of 25^ 20', the latter to 21*^ 21'. The whc»le series of geo- 
desical nioasuremcnts of any authority, executed in all parts 
of the world (these and the French arc, the next in mag- 
nitude, of course included), have been latfdy combined under 
one general and comprehensive system of calculation by 
("apt, A. R, (jiarke, R.E., in an elaborate memoir (Mem. R. 
Ast. Soc. vol. xxix. 1860), of which the final result (in- 
(‘Inding some slight subsequent corrections) maybe stated as 
f ollows : — 

The eartli is not exactly an elllpKSoid of revolution. The 
equator itself is slightly' elliptic, the longer and sliorter 
diameters being respectively 41,852,864 and 41,843,096 feet. 
'I"he ellipticity of the equatorial circumference is therefore 
4 3 ? excess of its longer over its shorter diarnetei 

about two miles. The vertices of the longer diaiheter are 
situated in longitudes 14° 23' E. and 194° 23' K. of (ireoii- 
wich, and of its shorter in 104° 23' and 284° 23' E. The 
polar axis of the earth is 41,707,796 feet in length, and 
(amsequently the most elliptic meridian (that of long. 14° 23' 
and 194° 23') has for its ellipticity (he least so (that 

of long. 104° 23' and 284° 23'') an ellipticity of 

y T 2 
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General Sclmbevt also (JMeiu. In)]). AcaiL Petersb. 1859) 
has arrived at a somewhat similar eoiiclnsioii, by a totally 
different (and, as appears to us, less general and definitive) 
system of calculation. He makes the elllpticity of the 
equator and places the vertices of its longer axis 

26"" 4P to the eastward of Capt. Clarke’s. His polar axis, as 
deduced from each of the three great incridiaii arcs, the 
Russian, Indian, and French respectively, is 41,711,019 
41,712,534, and 41,097,496 feet, the mean of which, giving 
to each a weight pro])ortional to the lengt h of the arc from 
which it is deduced*, is 41,708,710. 

A very remarkable consequence fidlows from these results. 
If we reduce the polar axis last found to British Imperial 
inches, the result is 500,504,520, exceeding 500,500,000 by 
4520 in. On the other hand, Capt, Clarke’s resrdt similarly 
reduced is 500,493,552, falling short of 500,500,000 by 
6448 in., so that we may take 500,500,000 inches for the 
length of the earth’s polar axis, with every probability of 
being within 150 yards of the truth. our imperial 

standard of length, then, increased by exactly one-thousamlth 
fart^ the inch, foot, yard, &c. retaining their present re- 
lative proportions, our inch would then be, with all hut 
mathematical precismi^ one five- hundred-millionth part of 
* the earth’s polar axis, a unit cornmon to all the world. 
And, what is still more remarkable, if at the same time our 
standard of weight were increased by one 2,600th part (or 
one-seventh of a grain on the ounce), an ounce of distilled 
water, at our present standard temi)eratiire of 62° Fahr., 
would occupy precisely one-thousandth part of our (^then) 
cubic foot, and our half-pint p/’ccz-s-c/y one-hundredth. Thus, 
by a change such as would be absolutely unfelt in any com- 
mercial ^transaction, we should be put in possession of a 
modular or geometrical sys'tem (ivliich we might decimalh^e if 
thought proper) far superior both in principle and in accuracy 
to anything which has yet been devised on the important ‘ 

• 

♦ This is not Gen. Schubert’s mode of procedure. He arbitrarily exciudes 
the result of the French arc, and gives t)»e Russian double the weigfit of the 
ln»li;iii - ri procedure manifestly inihiir. ' 
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subject of a iiational sysiein of weights and measures, the 
French metrical system not c.xceptecL 


[A’c>^c (E) on Art, t?34. 

Mr. Broun of Edinbvirgh, and JM. B «bim;t of Paris, have each separately ano 
independently devise :l extremely ingenious applications of the principle of the 
tor>ion balance, to tring into equilibrium the force of gravity and the elastic 
force of a metallic spring, with a view to utilize the method here suggested of 
ascertaining the var ation of gravity. It were much to be desired that both 
beir methods should be brought to the test of practical trial,*] 


[^Note Art, (357). 

(357 a.) A scries of concerted observations of the differ- 
ences of apparent declinations between the j)lanet Mars and 
neighbouring fixed stars, set on foot at tlie instance of 
M. Winnecke, during its last opposition, which took place 
under circumstances of proxiruily^ to the earth particularly 
favourable to the determination of its parallax, has resulted 
in assigning to that planet a parallax greater by about one- 
twenty-seventh part than that which would correspond to 
its distance as computed for the time by the hitherto assumed 
dimensions of the planetary orbits. The conclusion of course 
is, that these dimcTisioiis (including the earth’s distance from 
the sun) liave been over-estimated tliat fractional part of 
tlieir value ; that the sun’s parallax, In [>lacc of 8'' *6, or more 
(exactly 8"\5766, should be set down at 8''*895:>, and its 
distance at 91,600,000 instead of 95,000,000 miles. Now it 
is strongly corroljorative of this conclusion, and, at the same 
time, affords a striking instance of the way in which the 
several departments of science depc.id on and illustrate one 
another, that a correction in the same direction, and to 
nearly the same amount, is indicated by a recent redeter- 
mination, by direct experiment, of the velocity of light by 
M. Foucault: who finds that velodity not only less than that 
concluded by M. Fi/cau’s experiments (see Art. 545), but 
even less than the commonly received estimate of 192,000 
miles per second, by about the same fractional part, flight, 
as shown in Art. 545, travels over the diameter of the earth’s 
orbit in It*)*" 26'''6 ; and the time remaining the same, a clirnl- 
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nished speed corresponds to a diminished diameter, and 
therefore the sun’s distance computed from the velocity so 
determined, and the time as given by observation, will come 
to be diminished in the same proportion. These and severaJ 
other conspiring indications lead to an extremely strong pre- 
sumption that all the dimensions of our system have been 
overrated, and should be diminished by about one-twenty- 
eighth part. 

(357 b 5.) In strong corroboration, or rather in full con- 
firmation, of this presumption, it must be especially noticed, 
that quite recently the whole subject of the reduction of 
the transit observations of 1769 has been resumed by Mr. 
Stone in a memoir for which the gold medal of the Astrono- 
mical Society for 1869 has been awarded to him, in which 
he has clearly shown that the received result of those 
observations has been vitiated by a misinterpretation of the 
expressions used by the observers -in describing the plne- 
nomena of the external and internal contacts of the limb 
of Venus with that of the sun, which arc complicated with 
certain optical appearances materially influencing the es- 
timation of their times of happening ; and that when tliose 
expressions are taken according to their real and legitimate 
meaning, and duly calculated on, they afford a value for 
the solar parallax of 8"*91 with a probable error of ()"*03 
(in place of the hitherto received value, S'^‘5776), agreeing 
very pi'ecisely with the value (8" 943) deduced by luni 
from the assemblage of comparative observfitions of Mars in 
hk opposition of 1862, instituted at Greenwich, the Cape of 
Good Hope, and Willlamstown, Victoria, N.S.W. 

(357 c.) The distances being diminished in any ratio, the 
estimated masses will require to be diminished also, in the 
ratio of the cubes of the distances ; for all the distances will 
have to be reckoned on a pew scale, and among the rest the 
diameters of the orbits of all satellites (the moon excepted) ; 
and as the squares of the periodic times are as the sums of , 
the masses directly and the cubes of the distances inversely, 
the times remaining unchanged tlie masses must be di- 
minished in (he same proportion as (hose cubes, , 
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(^357 (t) The time is not yet come for a complete and 
final determination of the exact coetlicient of diminution 
to be applied to our plauetar}^ elements, Tlie whole matter 
is too recent, and we must wait for the next transits of 
Venus in 1874 and 1882 for a full and precise settlement of 
this important (luestion. Meanwhile^ therefore, and pro- 
visionally, the reader will bear in mind that in all our 
numerical statements of distances (those of the fixed stars 
and the velocity of light inclusive, but that of the moon ex- 
cepted), as well in the text as in the tal)les of elements, the 
numbers set down have to be diminished by one twenty- 
eiglith of their value, and in the case of the masses (the 
moon’s excepted) in the ratio of 27^; 28^ or of O'Syfifi l to 1. 

(357 c.) TJie sui)erficial reader (one of a class too nu- 
merous) may think it strange and discreditable to science to 
have erred by nearly four millions of miles in estimating the 
sun’s distance. But such may be reminded that the error 
of 0''-32 in the sun’s parallax, on which the corrc<ttion turns, 
corresponds to the aj)parent breadtii of a human hair at 125 
feet, or of a sovereign at 8 miles off, and tliat, nioreover, 
this erro 7 ' has been detected and the correction applied ; and 
that the detection and correction have originated with the 
friends and not with the enemies of science 

[iVo/c (Li), Art, (387 a,) 

Tills curious appearance of the “ pores ” of the sun’s 
surface has lately received a most singular and unex- 
pected interpretation from the remarkable discovery of Mr. 
J. Nasmyth, wdio, from a series of observations published in 
the Memoirs of the Lit. and Phil. Society of Manchester for 
1862, made with a refiecting telescope of his own construction 
under very high magnifying powers and under Exceptional 
circumstances of tranquillity and definition, lias come to tlie 
conclusion that these pores are the polygonal interstices 
between certain luminous objects of an exceedingly definite 
shape and general unifhrmity of size, whose form (at least ns 
^ecn in jircyection, in the central portions of the disc5 is that 
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4)1' the oblong leaves c)f a willow tree. These cover the 
wliole disc of the sun (except in the space occupied by spots) 
in countless millions, and lie crossing each other in evei y 
imaginable direction. A representation copied from the 
figure in Mr. Nasmyth’s memoir (the engraver being aided 
by photographs from his original drawings obligingly sup- 
plied by him for the purpose) of the structure of the ginieral 
luminous surl’ace, is given in our Fig. 1, Plate B, while 
Fig. 2 of the same plate exhibits their arrangement at the 
borders and in the penumbrae of a spot. This most asto- 
nishing revelation has been confirmed to a certain consider- 
able extent, and with some modifications as to the form of the 
objects, their exact uniformity of size, and resemblance of 
figure, by Messrs. DelaRue, Pritchard, and Stone, in England, 
and M. Secchi in Rome. Mr. Stone compares them to rice 
grains, others to bits of straw. They strongly suggest the 
idea of solid bodies sustained in equilibvio at a definite level 
(dcteimlned by theii’ density) in a transparent atmosj)here 
passintj hjj ecery (jradatiori of dmsity from that of a lupiid to 
that of the rarest yas by reason of its heat and the enormous 
superinciinibent pressure (as in tlie experiments of M. 
Cagniard de la Tour on the vaporization of liquids under 
high pressure); their luminosity being a consequence of their 
.solidity ; transparent and colourless fluids radiating no light 
from their interior however hot.* 

(387 bf In speaking of the intimate nature of the sun’s 
luminous envelope, the remarkable phaenomenon witnessed 
on the 1st of September, 1859, by two independent ob- 
servers, Mr. Carrington and Mr. Hodgson, ought not to 
be passed in silence. These two gentlemen viewing the 
sun, each at his own residence and without previous concert, 

* Snell is bu* vit'iv uf their nature^ and of that of the solar photosphere siig- 
f^esttd by tiic author in a paper “On the Solar Spots,” published in the 
Quarterly Journal of Seience for April, I8G4. M. Faye, in a Memoir read to 
the French Acadimv in January, 1S65, 1ms arrived at a conclusion nearly 
analogous. It ought to bo noticed that Mr. Dawes still professes himself 
dissatisfied as to the existence of these objects. 
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at the same instant of time on that day, were botli surprised 
by the sudden appearance, in the iimnediatc confines of a 
large irregular spot, of what seemed to be two luminous 
clouds, much more hrilliant than the general mrface of the 
nun. They lasted about five minutes, and disappeared 
almost instantaneously, sweeping in that interval among the 
details of the spot, with a visible progressive motion, over a 
space which could not be estimated at less than 35,000 miles. 
The magnetic needle, as was afterwar^ls ascertained, under- 
went a considerable and sudden disturbance at that very 
time; and the phacnomenon, indeed, occurred during the 
continuance of one of the most remarkable and universal 

magnetic storms ” on record. 

(387 c cS) To Mr. Carrington, also, we owe a long-con- 
tinued and most elaborate series of observations of the solar 
spots (contained in a memoir recently presented to the 
Royal Society), continued through a whole period of their 
maximum and minimum frequency : arriving at the con- 
idusion that the period of rotation of a spot is dependent on 
its heliographical latitude; those on and near the sun’s 
equator being carried round more swiftly than tliose in 
northern and southern latitudes. The empirical law at 
which he arrives as a mean expression of all liis observations 
assigns for the movement of rotation per diem of a spot it) 
heliographical latitude I 

865'- 165' (sin /) 

so that a spot on the equator ivill make a complete sidereal 
revolution in 24*^*202 — one in N. or S. latitude 15® in 
25‘**44, and in 30® N. or S. in 26^*24. 

(387 d d.) The confinement of the spots to a region 
limited both ways in latitude and rarely beyynd 30® on 
either side of the solar equator, as well as the frequency of 
their arrangement along parallels of latitude, has already 
(art. 393) given ns ground to conclude the existence of 
a circulation in the solar atmosphere relatively to the solid 
body of the sun, and to sinmise an analogy between the 
cause ctf that circulatirm and that of the trade winds in ou< 
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own atmosphere. It has been suggested that, owing to 
oblatcness in the solar atmosphere, its greater depth in the 
equatorial regions might be conceived to oppose the tree 
escape of heat more than in the polar, and so might give 
rise to a permanent inequality of temperature in the two 
regions from which movements analogous to those winds 
must of necessity originate. Were this the case, however, 
one of the results would (of equal necessity) be the pro- 
duction of an equatorial region of calm. Supposing our 
earth so covered with cloud that a spectator without could 
never see the solid body, and could judge only of its rotation 
from the observed circulation of dark mavsses of its (douds ; 
he might, it is true, conclude correctly the time of rotation 
of the solid body from observation of cloudy masses in the 
higher strata either on the equator or in high latitudes; 
but in tlie two intermediate zones north and south of the 
equator, he would conclude a greater rapidity of rotation, 
<nving to the general westerly tendency^ of the U|)per aerial 
currents in those zones. In proceeding then from the poles 
towards the equator, he wanild find, first, an apparent 
acceleration, tlien in certain latitudes N. and S. a maximum 
of rotaiy velocity, and thence up to the equator a <‘oin- 
parative retardation. Mr. Carrington’s law is therel'ore 
incompatible with this supposed analogy, and we must look 
elsewdiere for its exj)laiiation. The only one which seems 
at all satisfactory is that of external force impressing such 
a movement; and thus w^e tall back upon the frictional 
impulse of circulating planetary matter in process of sub- 
sidence into and absorption by the central body. The 
rotation of the sun, it will be remembered, is very much 
slower than that of a planet revolving just clear of its sur- 
face — a fa;Ct perfectly in unison with that tlieory of the 
formation of our system to* which the term the nebular 
hypothesis” (arts. 871. 872) has been applied, according to 
which the central body has resulted from the aggregation 
of all the matter assembling from every quarter, w hose 

* Results of Astronomical Observations at the Cape of Good Hope, p. 
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movements conflicting would destroy each other, leaving only 
as a surplus that small portion of rotation in one direction 
which remained outstanding. The same considerations 
render aii equally plausible account of the intense heat of 
the central body.] 


\^Note (H), Art. (430 a.) 

The enormous size and vast depth of many of the lunar 
craters, far surpassing, in both respeo.ts, anything observed 
on our globe, are certainly very striking features, but are 
easily reconclleable with what Ave know of the special con- 
ditions which obtain on the moon’s surface. For while on 
the one hand the force of volcanic ex[)losioii and ejection is 
nowise dependent on the total mass of tiie planetary body 
on which the volcano may subsist, tlie repressing i)o>vcr to 
prevent an outbreak, wbieli is the weight of the incumbent 
matter, is only about one-sixth of wliat an equal mass of 
overlying matter Avould exert on the earth, the l*orce of 
gravity on tlic moon being less ilnin that on tlie earth in 
that proportion. Again, when disrnpt<K] and scattered in 
fragments, the force generating their velocity of proje(qioii 
being the same, and therefore also that velocity, the broken 
fragments, stones, scorlic, &c. ejected would be hurh d to 
far greater distances, being less powerfully eoerce<l I5y 
gravity, in the same ratio. Alost of the ejected matter 
would therefore fly ou<- beyond the rims o\* tbe craters, 
instead of falling back refill ^hem. And lastly, we have 
to add, the absence of the resistance of an atmospliere— that 
powerful coercer of projectile range here on earth. 

(430 b b.) Changes in the aspect and configuration of par- 
ticular portions of the lunar disc ha ve been of t en sus] >ected, 
but no satisfactory evidence bad been obtained lof any tiling 
w’hich could not be accounted for, either by the difference of 
optical power in the telescopes used, or by difference of pre- 
sentation to the solar rays, or to those reflected from the earth. 
Quite recently, hoAV6?ver, on the 16th of October, 1866, the 
crater marked as A in Lohrmann’s Chart (sec. iv.), and desig- 



700 


OUXLINKS OF ASTKONOlir. 


iiated bv Miidler under the name “ Liimwus ” (a crater five 
miles and a half In diameter, and very deep, and which had 
served those selenographcrs as a zero-*j)oint of the first class 
for their micrometrical measurements), has been declared by 
Professor J. Schmidt, Director of the Observatory at Athens, 
to have altogether disappeared, and to be replaced by a 
smooth surface unmarked by any shadow ! Subsequent 
observations made by him in November and December, 
tinder the most hivourable circumstances as to solar illumi- 
nation, failed to show any signs of the missing crater, though 
other mucli smaller ones in the neighbourhood were readily 
perceived. The most plausible conjecture as to the cause of 
this disappearance seems to be the filling up of the crater 
from beneath by an effusion of viscous lava, which, over- 
flowing the rim on all sides, may have so flowed down the 
outer slope as to efface its rugged ness and convert it into a 
gradual declivity casting no stray shadow.] 

(1) ^rt. (437.) 

Our Plato C ovliibits the a}>pearaiiee of a very rough and volcanic portion of 
the nuion’.s surface as nioilelled from telescopic ohservatlou by Mr. Nasmyth, the 
engrtving being taken from the photograph of t!ie original model kindly fur- 
ni^lK■d hy I'ini for the purpose. A very ingenious idea of Mr. Wheatstone 
has enabled the photographer to produce stereoscopic views of the moon, present- 
ing it, not as a flat disc, hut as a sphere, with all the mountains in fail relief, 
and with all tfie ap])earance of a real object. Owing to the Hhration of the 
moon (Art. 43.')) the same point of her surface is seen .sometimes cii one side of 
the center of her disc, and sometimes on the other, the effect Iieing the same as 
if, the moon remaining fixed, the eye 'were shifted from right to left through an 
angle equal to the total librution. Now this is the condition on which stereo- 
scopic vision depends; so that hy choo.sing two epochs in different lunations in 
which the moon shall be presented in the two asjtects best adapted for tlie pur- 
pose, and in the same phase of illumination (which tise annual motion of the earth 
renders possible, by bringing the moon to the same elongation from the sun, in 
different parts of her own elliptic orbit), and taking separate and independvnt 
photographs of it in each aspect, the tw'o stcreoscopically comhinetl, so com- 
pletely satisfy all the requisite conditions as to show the spherical form just as a 
giant might see it whose stature were such th<it the interval between liis eye.s 
should equal ^he distance between the place where the earth stood when one 
view was taken, and that to which it w^)uld have to he removed (our moon being 
fixed) to get the other. Nothing can surpass Ihe impression of real corporeal 
form fhus convened by some of these pictures as taken hy Mr.DehvIlue wdth his 
powerful reflector, the production of which (as a step in some sort taken by man 
outside of the planet he inhabits) is one of the most remarkable and unexpected 
triumphs of scientific art. 

Mr. Bin has recently bestowed much pains Vm the frequent and minute 
scrutiny of particular and limited regions of the lunar 'uirfact . ] 
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iNote (J). 

(859 a.) It IS not necessary that the companion body 
producing these disturbances of proper motion should be non- 
luminous. Nothing prevents tliat it sliould be a small com- 
panion star which, though invisible to ordinary telescopes, or 
lost in the brightness of the disturbed luminary , may become 
visible through telescopes of increased }) 0 \ver. Antares has 
such a minute companion at only distance, a Lyra3 at 
43", and Procyon at 46". A distur^jance in the regulai* 
progression of proper motion of the consf)icuoiis star, peri- 
odical in its nature, both in R, A. and in N.P.l)., woidd 
arise from the displaceinent of the larger star around the 
common center of gravity, however comparatively massive, 
and (mass for mass) gri^ater the greater tlie distance of tlui 
individuals. It was not, therefore, without much interest 
that astronomers received the annonneement of tlie recent 
detection of a small companion of Sirius, by Mr. Alvan 
Clarke, a most eminent and succ(^ssful constructor of large 
aciiromatic telescopes, by means of an instrument of this 
description constructed by him of 18 inches aperture. 
According to Messrs. Rutherford, Rond, and Cliacornac, 
this companion is at present situated at about 10" distance, 
nearly following Sirhis, It remains to be examined, howevov, 
by a series of observations of distance and position continued 
for many years, 1st, Whether this star really is a satellite 
or binary companion of tlu^ j)rincipal star ™ a conclusion 
to which some have jumped (not unnaturally); and, 2nd, 
Whether, if so^ its attraction will explain the observed 
inequalities of proper motion, which by no means follows of 
course: far more so, as M. Goldschmidt assures us that, 
with a telescope of very inferior power to ijiat of Mr. 
Clarke, he lias detected no le.^ than six small companions 
of Sirius at distances from 10" to 60". Sliould this be 
verified, we have our choice of distiirliing influences; and 
it would be hard if , the minute displacements, respecting 
which Messrs. Aiiwers and Peters agree (or any otiier) could 
not be* plausibly e^xplained antecedently to the indispensabic^ 
verification of a real phwrical connexion. Meanwhile the 
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conclusions of these geometers rest upon observed inequali- 
ties in Ii,A. only. Professor Safford, of Ann Arbor., U.S., 
has, however, investigated those in polar distance, and finds 
that they are alike reconcileable with an elliptic, orbital 
motion, with one not incompatible with that previously 
assigned, and with the hypothesis that the newly discovered 
star, so far as it has yet been observed, is really the dis- 
turbing body, 

(859 h /;.) Spectrum analysis (see Note M) has of late 
been applied by various observers with great diligence and 
success to the light of the fixed stars, and even to that of 
the nebuhe. Those of the stars are found to exhibit 
(variously for different stars) many of those fixed lines 
which are considered characteristic of chemical elements 
such as are found in our planet. In applying this method 
of examination to Sirius, however, Mr. Huggins has found 
that the brif?htest of three lines characteristic of hvdrof]cen 
corresponds to a position in the spectrum of lliat star very 
slightly differing fVom the position of the same line in the 
solat spectrum, and that, in point of fact, the index of re- 
fraction of the prism employed for that line in the stellar 
spectrum is less, by a minute but measurable quantity, than 
In the solar. To interpret this observation, it must be 
remembered' that the undulatory theory of light j)ostu]ates, 
as a condition indispensable to its interpretation of the 
different refrangibility of the rays, that the velocity of pro- 
pagation of a luminous undulation within the refracting 
medium shall depend (according to some law depending on 
the physical nature of the medium) on its wave-length on 
arriving at the refracting surface; or, in other words, on the 
number of its undulations per second which are incident on 
that surface^; the longer waves or less number per second 
corresponding to the lower degree of refrangibility. Sup- 
pose now a certain ray to originate in Sirius from some 
vibratory movement of a particle of its matter producing 
isochronous impulses of a certain detQrminate frequency on 
the luminiferous ether. Sirius being at any definite distance 
fvom the earth at the moment of the first impuisfe, that 
impulse will reach the prism at a eertnin moment ; and were 
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the star and earth relatively at rest, its successors would 
foiiow it up and reach the rcfraeting surface at intervals of 
time precisely equal to those of their origination. But if 
the star and earth be receding from each other witli any 
uniform velocity, the next succeeding impulses, having each 
in succession a greater and greater distance to travel, will 
require a longer and longei* time to arrive ; or, in otlier 
woi’ds, the intervals of time between the ai-rivals of successive 
impulses will* exceed the intervals l)j[!tween their original 
production, eadx by as much time as it would take a ray of 
light to travel the distance run over by Sirius from the 
earth between two consecutive impulses. Arrived at the 
prism then, the ray consisting of these vibrations will have 
a lower refrangibility than if the distance of the star from 
the earth had remained unaltered; and the amount of this 
difference being ascertained (by a most nice and delicate 
process of observation), the ratio of the relative velocity of 
recess of the star from the earth to that of liglit can be 
ascertained. Utiferring for details to Mr. ITiiggins’ memoir * 
we may state, as his final conclusion, 41*4 miles per second 
for this r(4atlve velocity, of which, at the time of observa- 
tion, 12 miles per second were due to the inoti(m of the 
earth in its orbit ; leaving 29™*4 per second, or 2,d4(),000*" 
daily, for the increase of distance between Sirius and oirt* 
system. The validity of this conclusion rests, of course, on 
the assumption (for in the absence of observation of other 
lines in the spectrum it can be only such ) that the fixed line 
observed is due to hydrogen, and not to some other (un- 
known) chemical element. 

[Note (K), Ai't, (896 a.) 

Several objects observed as nebulae are now missing from 
the heavens. They are such 'as have been (for the most*, 
part) only once observed, and may reasonably be supposed 
to have been telescopic comets. This, indeed, has in one 
instance proved to have been really the case ; as, by tracing 
back tbe path of the 2nd comet ^)f 1792 to the date of the 
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observation of a nebula discovered by Maskclyne on Feb 
14, 1793, but which is now missing, it appears to have 
really occupied that. place (R.A. 2 ^ 39“, N.P.D. 40"" lo^) at 
that time. But, besides these, there are cases in which a 
nebula, undoubtedly such, has either disappeared and re- 
appeared in the same place, or has undergone some remark- 
able change of brightness ; or, lastly, luivS been observed as a 
conspicuous object in a part of the heavens so well-known 
as to make it exceedingly improbable that it should have 
escaped all previous observation. 

(896 On the llth Oct. 1852, Mr. Hind discovered a 
nebula In Taurus, previously unnoticed- - in R.A. 4^ 14“, 
N.P.D. 70"^ 49' (1860). He saw it repeatedly, and in 1855 
and 1856 it was rcobserved by M. D’ Arrest. On the 3rd 
Oct. 1861, M. D’Arrest missed it. ^^Hujus nebula3 . . , 
ne umbram qiiidem,” lie says, detegere valeo. Attameri 
scmel ac srepius a me annis 1855 et 1856 observata est, 
ejusque locus quater dcterminatiis.” On Dec. 29, 1861, it 
was again seen, though with the utmost difficulty, in the 
great Pulkowa refractor b}^ M. Otto Struve, after which 
it had so far increased in brightness on Mai’cli 22, 1862, as 
to bear a faint illumination of the wires. 

(896 c.) On Sept. 1 , 1859, Mr. Tuttle discovered a nebula 
rkot previously observed, in R.A. 18*' 23™ 55% N.P.D. 15*^ 29' 
48" (1860). Thk nebula is described by M. Auwers as 
pretty bright and elongated in form. On tlie night ol 
Sept. 24, 1862, it appeared to M. D’Arrest so brilliant and 
remarkable that he considers it impossible it should have 
been overlooked (if then so conspicuous) in the sweeps made 
by my father and myself over that part of the heavens. 

(896 £?.) Moiis. Chacornac has recently announced in the 
‘ Bulletin Meteor, do Paris,’ under date of April 28, 1863, 
the discovery of a nebula in Taurus, in R.A. o’’ 29™ 4% 
N.P.D. 68^^ 52' 20" (1860), so conspicuous as to render its 
non-previous discovery most improbable, in a portion of the 
heavens so frequently under inspection, if always of its 
present brightness. 

m(896 €,) Certainly the last place in the heavens in Vhich 
the discovery of a new nebula wciild have been expected, 
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is witliin llte cluster of the IMeiiuIes. YvA here, close over 
Merope, one of the more eonspiciious stiirs of that cluster, 
on October 19, 1859, Mr. 'I'empel observ(Ml a large bright 
nebula whieli he took for a comet, and was only undeceived 
when, on observing it next niglit, he found it unchanged 
in place. On Dec. ol, I8G0, it was seen, though with 
some difiiculty, by himself and Di\ Pope, with the six- 
feet refractor at Marseilles. Its place for 1860 is Iv.A. 
3 h 3 ym ^2^^ N.IM). 66° 40' 13". M. Anwers describes it as 
15' in extent and triangular in form — but conceives tiiat it 
might have escaped previous notice by reason of its proxi- 
mity to so bright a star as Mcrope. Mr. Hind states also 
that he has often suspected nebulosity about sonic of the 
smaller outlying stars of the Pleiades. 

(896/.) Not less singular and startling is the observa- 
tion by Mr. Pogson of tlie bright and very conspicuous and 
well-known nebula, the 80th of Messier’s catalogue, often 
observiul, and described as a compressiMl and Ijeautiful glo- 
bular cluster of very iiiinute stars, in ll.A. 16^' 41% 
N.P.D. 112° 37' 34" (1860). Wbilo examining the ncigli- 
bourhood of’ this object on May 28, 1860, bis attention was 
arrested by the startling appearance of a stai;, 7*8”% in thr 
place ivhich the nehula had previously occujiiial.” Tie liad^ 
seen the neliula so recently as May 9, with the same tele- 
scope and power, and it presented nothing urmsuah On 
June 10th the stellar appearance iiad vanislicd, ljut the 
cluster yet shone with unusual brilliancy and condensatiun. 
Professor Luther and M. Auwers had also peiceived the 
change so early as May 21.st, when it was rated as a star of 
the 6*7 magnitude* On June lOth, the nebula had disap- 
peared to Mr. Pogson, though M, Auwers never (juite lost 
siglit of it, arid could jicrceive that the star was exccntric. 
The occurrence of a temporary or a variable star in so 
peculiar a situation is assuredly very remarkable. 

(896 y.) Lastly , by a letter from Mr. E. D. Powell, of Madras, 
au observer of too much exjieriencc and note to be easily 
deceived or to speak on light grounds, 1 am informed that 
the southern end of the very remarkable lemniscate-sbaj)etl 
vacuity closr* to the bright central star in the nebula about 

’ zz 
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/; Argus (see Plate IV. Fig. 2), Avhich^ when the drawings 
were made from which that figure was taken, was closed and 
terminated by a strong and sharply-cut outline (marked by 
a small star in the jijyper edge of that vacuity), is now deci- 
dedly open ! More recent observations, however (by Lieut. 
*r. Herschel), with an achromatic telescope of five inches aper- 
ture, accompanied with careful drawings of the appearance 
of the nebula (taken on Nov. 22-3. 1868), make it evident — 
1. That the lemniscate still exists, as such, though (as might 
be expected) not so strongly defined as when seen with an 
instrument of superior power; 2. That the relative situa- 
tions of 48 out of 49 stars in the immediate vicinity of t;, 
laid down in the drawings, in resjiect of the principid star, 
have undergone no material change, the 49th being a very 
minnte star of doubtful identity; and, lastly, that the 
principal star itself, though greatly diminished in lustre, 
occupies most decidedly its old situatiem, pretty deeply 
immersed in the brightest portion of tlie riehulaon tlie follow- 
ing or eastern side of the lemniscate, and not (as stated in 
the last edition of this work, on what we considered sufficient 
authority) within the lemniscate or its remains, and out of 
the nebulosity. 

^ This is perhaps the right place to mention that a general 
catalogue of nebuke and clusters of stars (5,078 in n umber), 
in order of 11. A., and brought up to 1860, with j>recession 
for 1880, and descriptions, prepared by the author of this 
work, has been published by the Koyal Society as Part I. 
of the Philosophical Transactions for 1864. 

(896 h h.) Spectral observation, as already mentioned, 
has been recently applied to the brighter nebnlae. The 
light, even of the brightest of these objects, is so excessively 
f(‘eble (for it will be bornean mind that telescopes afford no 
yneahs of increasing the intrinsic brightness of a surface), 
that any perception of delicate, hair-like, dark lines in their 
spectra like the fixed lines in that of the sun, is not to be 
expected. The phtenomena which they exhibit, however, 

^ are very peculiar, and more in analogy with those of flame, 
or incandescent gases, than wit|j solar or stellar sources of 
light. Th(‘ brigliter globular cluster, indeed, and those 
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nebuliie of Irregular forms, which are either clearly resolved, 
or evidently of a resolvable character, give stellar spectra, 
i,e, trains of light of all gradations of refranglbility. It is 
otlierwise with many of tlK)se nebulae of Sir W. Hei*schers 
4th class, to which the designation Planetary Nebula> ’’ 
lijis been applied, and with some others of an irresolvable 
character, among which are the great nebulai in Orion and 
Argo. The light of these is either inonochrotnatic, that is, 
consisting of rays of one definite refrangibility ((Correspond- 
ing in all of them liltherto obsei'ved to the nitrogen line in 
the solar s|)ectrum, or to tlie light emitted by nitrogen gas 
rendered incandescent l)v the electric discliarge), or com- 
])os(mI ol* this and of two, and in some fenv <iascs of three, 
other snch iiu>n()(:]n-omati(; rays, one of which corresponds to 
one of the hydrogen lines in the solar spc(ctrum. Such, in 
brief sinnmary, ai‘e the remarkable and important results 
obtained by Mr. Ilnggins,'^' and fully corroborated by tbc 
observations of In*(a3t. J. ll<n*S(hcl, R.E., inaxlc at Bangalore, 
with the great advantage of an Indian sky, by tlie aid of a 
spectroscopic apparatus furnished (with the telescope already 
inenlioued) by the iioyal Society for observation of tlui 
solar e(dipse of August 18. 1868.1 hesitation 

should remain as to tlic certainty of conclusions from tlie* 
scrutiny of obje(its so excessively faint, it will be removed 
by a fact recorded by the last-named observer, viz,: — that 
on removing the slit or limiting aperture of the specti’oscope, 
and viewing through the prism the whole field of the tele- 
scope directed to Messier’s 46th cluster, r rich and brilliant 
assemblage of stars, including among them tlie planetary 
nebula H. IV. 39, the latter was seen as a faint patch of 
light in the midst of an infinity of streaks, the cxintinuous 
sjiectra of the individual stars. • Nothing,” he remarks, 
could have been more conclusive as a test.” }; Had the 
light of the nebula not been monochromatic or nearly s(^ 
its dilatation by the prism would have precluded its being 
seen at all as a definite object. ] 


» PniL'*l>ans. 1861, 18(i8. 

f Procaediiigs of Sorlrty, p. 151, and xvil. pp. 58, 103. 

t Ibid. xvij. :>0(>. 
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\_Note ( L), Art. (858 «.) 

A fundamentally different method of treating the problem 
of the sun’s proper motion from any of those described in 
art. 857, has been adopted by the present Astronomer-Royal, 
by wliieh the assumption of an approximate knowledge of 
the situation of the solar apex,” Is altogether dispensed 
with. It oojisists in referring the absolute proper annual 
motions both of tlie sun and the stars used in the enquiry, 
to linear coordinates fixed in space, and treating the ques- 
tion ns a purely geometrical one, according to the rules of 
tlie calculus of probabilities, basing his procedure on two 
distinct assumptions, between which the truth must lie, 
viz.: — !• That all the “irregularities of proper motion” 
(meaning tliereby all the residual amounts of annual move- 
ment in each case, which are not accountable for by 
solar motion), are mere results of error of observation 
and are not caused by any real motions in the stars. This 
is evidently an extreme supposition. — 2. That none of sucli 
residual movements are due to error of observation, but all 
originate in real stellar movement. This is as clearly a.n 
extreme supposition the other way. Assuming then M. 
Struve’s classification of the stai’s according to a scale of 
distances which has at least no prlmd facie improbability, 
and using for the purpose those 113 stars of a catalogue pre- 
pared with great care by Mr. Main, and published in tlie 
‘ Memoirs of the Astronomical Society,’ which indicate great 
proper motion, lie arrives at the following conclusions as to 
the situation of the apex, and the annual parallactic motion 
of the sun as seen from a star of the first magnitude, on 
each of thbsc two suppositions. 


1st Supposition 


( Solar apex in R. A. 256® 54'; 
< Parallactic motion 1"'269. 


JSi.P. lX 50® 31'. 


2d Supposition 


^ Solar apex R.A, 261® 29'; 
jParallactic motion l''*912. 


N.P.D. 


65® Iff. 


* So far as the situation of the apex is concortied, both 
these results stand in wliat (colisidering tlie nature of the 
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Hulycct) may bo called good accordance witJi tliose of our 
art. 854. The parallactic iiiotion (or whiv'h comes to the 
same, the actual velocity of the solar motion), is, indeed, 
mucli greater than that of art. 858. But this evidently 
results from the restriction of the enquiry to stars of great. 
p7*oj)er aw/ ion. 

(S58 b.) These results were deduced by Mr. Airy in a 
memoir communicated to the Boy. Ast. Soc. in 1859. The 
subject has since been resumed (avowedly in extension of 
ihe same principle to a larger list of st\irs), by Mr. Dunkin, 
who, using the same geometrical fornuihe, but basing Ills 
results on the observed jiroper motions ol’ 1167 stars, 819 in 
the northern and o48 in the southern liomisplierc, of aU 
fnagnltiides^ and all {sensible) anioants of yroper viol ion, 
aiTives at the following results on either of Mr. Alley’s two 
extreme suppositions: 


1st 


Suj)position 


Solar apex in B.A. 2Gb" 14': N.P.D. 5T 5' 
Parallactic motion ()"’o34:6. 


o 1 o \ Solar apex 263"" 44'; N.P.D. GS'’ O'. 

2d bupposition 0^'-4103. 


Agreeing remarkably (as to the second supposition, which 
is by far the most reasonable of the two), with the other, 
and, as regards both, exhibiting an almost perfect accordance 
in respect of parallactic motion with M. Struve’s results as 
given in art. 858. 

(858 c.) A very extraordinary circiunstajice remains to be 
noticed. From the general agreotuent of all the results of 
the investigations of so many astronomers and mathema- 
ticians, entering on the enquiry in such various ways, and 
employing such a multitude of stars so variously combined, 
there cannot remain a shadow of doubt either as to the 
realitg of the solar motion, or as to its direction in^ space to- 
wards a point very near to B.A. 259^, N.P.D. 5G‘", As to its 
velocity there is also every reason to l)elieve that it is not 
extravagantly over- or under-estimated in the statement 
abiive given. But wheh we come to ascertain by calculation 
how large a portion of the whole proper motions of the stars 
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how much qf that gene ml residuum or caput mortmim alluded 
to in art. 856^ as left outstanding after precession, aberration, 
and nutation, have exercised their solvent influences on it, 
remains yet unaccounted for ; we shall find it includes by 
far the larger part of the total plnenomenon of stellar proper 
motion. The sum of the squares of the total residua (in 
seconds of arc), uncorrected for the proper motion of the sun, 
for example, in Mr. Dunkin’s 1167 stars are, in R.A., 
78*7583, and in N.P.l). 63*2668% And when corrected for the 
effect of that motion '(so concluded), they are represented in 
R.A. by 75*5831, and in N.P.D. by 60*9084. No one 
need be surprised at this. If the sun move in space, why 
not also the stars? and if so it would be manifestly absurd 
to expect that any movement could be assigned to the sun 
by any system of calculation which should account for more 
tlian a very small portion of the totality of the observed dis-- 
placements. But what is indeed astonishing in the whole 
affair, is, that among all this chaotic heap of miscellaneous 
movement, among all this drift of cosmical atoms, of tlie 
laws of Avhoso motions wc know absolutely nothing, it 
should be possilile to place the finger on one small portion 
of the sum total, to all appearance nndistinguishably mixed 
up with the rest, and to declare with full assurance that this 
j)ai*ticuhu’ portion of the whole is due to the proper motion 
of our ow^n system.] 

[ NoU ( m ) on Art. (400) vote 

7’he reforciice of tlie dark lines in the solar spectrum to absorptive action 
in tlie smi*s atmosphere lias of late received a most unexpected confirmation, 
and it may now be considered as almost certain that they owe their origin 
to the presence in that atmosphere of the vapours of metals and metalloids 
identical with those w hich exist here on earth. These vapoiirs, or many of them, 
have been shown by Kircholf, Bunsen and Fizeaii to possess the singular pro- 
perty when presoitin an uubunit (or metallic) state in a fiariie, of destroying in 
the spectrum of that flame rays oi' precisebj the refraiigibilities of those which they 
tliernsolves when burning emit in peculiar abundance. Tlmugh there is some- 
thing so enigmatical as almost to appear selLeoiitradictory in the facts adduced — 
the conclusion, especially as applied to the most conspicuous of all the lines (one 
double one in the yellow, marked D by Fraunhofer, and which owes its origin 
to sodiu/n) seems inevitable. The spectra of some of the stars seem to indicate 
tl>e presence of chemical elements not idont^iliable with any terrestrial ones,] 
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[^Note (N), Aj'L (905 a a.) 

(^905 « «.) Since the publication of the later editions of 
this work, meteoric jdienomena have engaged the assiduous 
attention of many zealous and devoted observers, and have 
acquired an especial interest from the reappearance, in 1866, 
of the great Noveinl)er display mentioned in art. 900, under 
circumstances which render it an epocli in what may hence- 
forward be very properly termed Meteoktc Astronomy. 
liefore giving any account of these, however, it will be proper 
to mention that by the exertions of a Committee of the 
JVritish Association, consisting of Mr. Brayley, Mr. Glaisher, 
Mr. Greg, and Mr. A. S. Hersclicl, acting in conjunclioii 
with numerous coadjutors scattered over the area of our 
island (and In correspondence with M. Heis, Prof. Haidinger, 
and other continental observers and meteoroloo ists\ observinir 
on the |)lan originally followed by Ben zen burg and Braudes 
(much improved, however, and slTiguhirly facilitated by the 
nse of a series of charts specially constructed on the gno- 
monic projection for the purpose by tlie last-narncMl member 
of the committee), a vast collection of observations for tlie 
determination of the heights of appearance anddisapj)earance, 
the yelocities, and paths, of individual meteors, has been 
accinnulated, and a considerable number of additional radiani^ 
points corresponding to dates of periodic recurrence other 
than those of August 10 and November 13, determined. 
As regards the heights of apr)eaTancc and disap|)carance, 
and the velocities (understanding, of course, the relative 
velocities resulting from the simultaneous molions of the 
earth and tiic meteor), the general result of tliese observa- 
tions seems to be : 1 st, to assign a height in ter mediate betwecTi 
20 and 130 liritish statute miles above the eartifs surface, 
for that to wliicli tlie luminous; or visible jiortiou of the 
trajectory of non^-detonating meteors is conlined, with average 
heights of first appearance and final disajipearance of 70 
and 51 miles respeciively, so far corroborating the evidence 
afforded by auroral pfienoinena of the extension of our 
atmosphere much beyond the usually jissigned limits of% 
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45 luilo.s; ‘indly, a relative velocity iiiterniediate between 
17 and 80 iiules per second, with a general average of about 
34 miles, fully bearing out the earlier conclusions of Ben- 
zenburg and Brandes; and 3rdly, a serie^s of radiant points 
and annual epoclns of which the following (exclusive of those 
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(905 bb,) As regards the November display On tracing 
back the records of meteoric phamornena so far as they have 
been preserved by history or tradition, it has been ascer- 
tained (chieHy by the laborious researches of Prof, Newton, 
of Newhaven, U.S.), that no less tlian twelve'^' siieli dis|)iays, 
well characterized, have been noticed and recorded :is occur- 
ring from the year a.d. 902 onwards down to 1833, both 
inclusive, viz. in the years a.d. 902, 934, 1002, 1101, 1202, 
1366, 1533, 1602, 1*698, 1799, 1832, 1833 ; all which are 
comprised within a chain of epochs brealcing the interval 
between 902 and 1833 into periods of 32, 33, or 34 years 
each, corresponding to an average of 33-24 (33;^) years, or 
of* four such occurrences in 133 years. As to the calendar 
dates of the disfdays, the earliest, in a.d, 902, bears the date 
\)ct. 13. O.S., and the others advance (with some considerable 
irregularities) in the calendar up to 1833, Nov. 13, n.s. Con- 
verting these dates into Julian days current (arts. 929, 930), 
we find them to be respectively 2,050,799 and 2,390,879, 
the difference of which, 340,068 days, exceeds 931 tropical 
years ( = 340, 040'^) by 28 days; so that the dates advance 
in the calendar at an average rate of 28 days in 931 years, 
or almost exactly 3 days in a century. The general im- 
pression tesulting from the intervals of 33 and 34 years 
between the great disjdays of 1799 and 1832, 1833, that a 
siniilar one might be expected in 1866 or 1867, Avas by this 
converted almost into a certainly; and on the strength of 

* That of A.T). 9.'U, Oct. IG. o.s. is licre omitted. It seems to have been but 
a feeble exhibition, an irregular jnccursor of tlie more normal one of Oct. 14. 
< 3S4, 
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this induction a 0 ;rcUid meteoric exhibition oti liie iii<dit 
l)etwecTi November 13 and 14- 1866, was announced as 
ainiost sure to take place, and all observers were forewarned 
to be on the watch. The verification of this prediction will 
b<3 fresh in the recollection of our readers, and the spectacle 
presented by the heavens on that night, though falling short 
of what the glowing and no doubt exaggerated descriptions 
u the phacnoinenon of 1799 might have led some to expect, 
was sucii as can ruiver be forgotten by those who witnessed 
it. Those who were not so fortunate’ will do Avell to be on 
the watch on the same anniversary in the current year 
1867 * 

(905 c c.) Attention being especially directed to the si- 
tuation of the radiant on this occasion, it was fixed (in 
reference to the ecliptic) in Ion. 142'' 35'; hit. 10'' 27' N., 
at a point between the stars f and & Lconis, and some- 
what above the star marked x in that constellation in Bode’s 
catalogue. Now the longitude of the earth at th[it time, as 
seen from the sun, was 51° 28', so that the radiant (in con- 
firmation of a remark made by Pi-of. Encke on the occasion 
of the display of 1833), if projected on the plane of the 
ecliptic, would be almost exactly in the direction of a 
tangent to the earth’s orbit at the moment, or in ^ the apex 
of the earth’s way,’ Hence it follows, that, reganling each 
meteor as a small planet, it must have been revolving (///, a 
retrograde direction^ so as to meet the earth) either in a circle 
concentric with the eartlfs orbit (a thing in itself most 
improbable, and Avhich would bring about a rencontre evoy 
year, contrary to observation) or in an ellipse liaving cither 
its perilielion or its aphelion coincident, or very nearly so, 
with the point of rencontre at the descending node, in longi- 
tude 51° 28'; and as a necessary consequence witji its major 
axis lying in or very nearhj in die plane of the ecliptic. 

* On that occasion (Nov. IS and 14, 1867), the principnl display took place 
In longiiudes much westwaid ot’ our islaud. Af Ulooiuiii^j^toii, Indiana, l/.S. .525 
were seen by Professor Kirkwood between midnight and o'* 15‘" a.m. Olf Mar- 
tinique, they appeared as a shower, ami at Trinidad, according to Com- 

mander Chimmo, 1600 were counted between 2** a.m. and daylight; while at 
Nassau in the I3ahamas, Captain Stuart and his co-observers registered 1040 
htrLwecn A O" and 5 ^ 31** a.m ^ 
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('90,') dd,) Admitting the meteors to be revolving planet- 
iiles, the recurrence of these rencontres at average intervals 
of 4 in 133 years is explicable on two distinct hypotheses as 
to the kind of ellipse described by the meteoric group. It 
may be either one very nearly approaching to a circle de- 
scribed in a period not very differc^ntfrom a sidereal year, or 
a very elongated one described in the exact j)eriod of 33:^ of 
such years. We will consider the cases separately. Tlie 
first supposition admits of the adoption of two distinct 
ellipses : — 1st, that sViggested by Prof. Newton, in which 
the rencontre takes place at the ajdielioit of an ellipse de- 
scribed in 354^’57, or short of a sidereal year, corre- 

sponding to a semi-axis ()*981, and an cxcentricity 0*0204; 
or, 2ndly, that proposed by the writer of an article on Me- 
teoric Showers in the ‘ Edinburgh Review’ for January, 
1867, where it is supposed to happen at the jjerUielion of an 
ellipse described in 376^*56, or 11^*33 /a ore than a year — 
corresponding to a semi-axis P021, and an cxcentricity 
0*0192. In the first of these ellijises, a meteor revolving 
would in each sidei’eal year gain 10° 50' in its orbit on a 
complete revolution, and in the other would lose as much; so 
that at tlie end of 33 years, in the former case it would be 
found to hav e overshot the original point of rencontre by 
2° 30', and in the latt^u* to tall sliort of it by just so mncli : 
and tracing it round from revolution to revolution, it will be 
found in (ilthcr case that after a series of intervals succeeding 
each other in the cycle 33,33,33, 34 years, the meteor will 
always be found so near the original point of rencontre that 
an extension of the wdiolo gi'oup so as to occuj)y 11° in their 
common orbit will render extremely ])robiible, and one of 
22 will ensure its penetration by the earth at some point or 
other, witli a probability of such penetration taking place 
twice in two successive yeanj. 

(905 e The other Iiypothesis, suggested by Sig. Schia- 
parelli (Director of the Observatory at Milan), is that of 
a rencontre at or very near to the perpudlon of an ellipse of 
33 i years, corresponding to a semi-axis 10*340, and an excen- 

icity 0*9033 ; the rencontre in this, as in the othciy taking 
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place also at the descending node. Such a [)criod, combined 
with an extent of the gniup on the orbit such as would 
occupy soiuewliat more than a year in passing thTongh the 
node (i.e. y#. .> of its whole circumference), would bring 
round rencontres in precisely the same cycle of years, with 
a fair probability, and if of twice that extent with a cer- 
tainty of their liappcning. An increased extent of tlie grou]> 
to somewhat beyond this would give rise to a frequent 
occurrence of two or even three rencontres in annual succes- 
sion, and would therefore cover the whole series of recorded 
instances. 

(905 /* /'.) The regular advance of three days per eeutiiry 
in the calendar date of the pluenomenou is partly accounted 
for by the gi*eater length of the sidereal year (which brings 
the earth round to the same point in its orbit) as compared 
with the tropical year (which brings it to the same longitude^ 
reckoned from tlie receding equinox, by which the calendar 
is regulated). This accounts for V^'4 per century; the 
remaining must arise from a slow and regular advance 
in the place of the node to the amount of 36' per cen- 
tury, or 57"’6 per annum, due probaldy to ]>Ianctary per- 
turbation, and chiefly, no doubt, to the dlstui’bing action 
of the earth itself in its successive passages through tlie 
group. 

(905 .(///.) On eitlicr of the two former orbits tbe vclo(*ity 
of the meteoi’s will be very nearly equal to that of the carlh 
in a retrograde direction, whence it will readily appear tliat the 
true inclination of the orbit will be almost exactly double 
the apparent — that is to say, 20‘" 54'. In the case of the 
long ellipse, tlie velocity of tlie meteor in periludio will 
be found to be to that of 
the earth as T371 : 1, so 
that snjiposing ac to be the 
earth’s orbit, and bd that 

of the meteor, the apparent inclination BAr> being 10** 27', 
and tbe sides .bd, da^ respectively, 1*371 and 1, we shall 
find the angle 13', and therefore ihe true inclina- 
tion BIX 31'. % 
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(90') h h.) Tlu; siippoKsitioii of minute plMTictavy botlie?i 
revolving in a nearly circular orbit of almost exactly the 
cliniensions of the earth’s in a retrograde direction;, and at an 
inclination not greater than that of some of the asteroids,, 
stands in such strong opposition to all the analogic^s of our 
system, as to render it in itself highly improbable ; add to 
which, that (as no perturbative action could possibly have 
flung them from without into such an orbit) tliey must be 
supposed to have so circulated for countless ages, during 
which time their innumerable rencontres with the earth 
must have torn the group to pieces, and scattered all its 
members wliich escaped extinction into orbits of every dif- 
ferent inclination and excentricitJ^ On tlie other band, the 
ellipse of 33^:^^ has a decidedly cometary character; and 
in sucli, rctrogi’ade motion is not uncommon. J>y a most 
singular coincidence, remarked almost simiiltaiieously by 
Messrs. Peters and Schiaparelli (a coincidence too close 


mikI striking to admit of hesitation as to the 

ur community of 

origin), tlie elements of tlic first comet of 

1866, discovered 

by M. Temviel, coincide almost precisely, in 

every particular 

excej)t ill the date of tlie 

perihelion pass 

age, with those 

we have just derived from 

the very simple consideratious 

'idduced. The parallel is n 

s below 



Me toon c Orbit. 

'jV‘nij)era Comet. 

Penhefion passage * 

NoV. IIJ. ISdfj 

Jan. 11, \S6G 

Perihelion distance . 

0 9898’^ , 

0'976‘5 

F X cent ri city 

0-90S3 . 

0*9054 

Semi-axis major 

10 810 . 

lO-.'524 

Inclination 


17*^ 18'-1 

I.nng. descending node 


51 26*1 

Periodic time 


33176' 

]\J(jtion . , 

Retrograde , 

Retrograde f 


*** This is the earth’s radius vector on Nov. IS. 

t The com^uutations of Sig. Schiaparelli, founded on a somewhat different 
(and, we are inclined to think, less accurate) situation of the radiant of last 
November, lead him to assign the date Nov. 10 for the perihelion passage, and 
to the perihelion itself tlie longitude 2.5'‘9, again agreeing well with that 
of the cornet in (juestion, which is #30^ 28^ I5ut we have preferred (avoiding 
all niceties, which, in the actual urjcertainty as to the ejuef. place of the radiant, 
are, after all, premature), for the sake of perspicuity, to present the chain of 
reasoning in a form requiring almost no calculatibn. 
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(905 /7) It will not fail to have been observed that a 
major semi-axis 10'34 with a 2 )erihelion distiince 1 will 
throw the aphelion of the meteoric orbit to a distance from 
the sim = 19‘6<S5 that is to say, but a short distance beyond 
the orbit of Uranus; while the fact of the axis major itself 
lying exactly or at least very nearly in the jdane f>f the 
ecliptic, a plane itself very little inclined to (he orbit of 
Uranus, will ensure a very near appiilsc of the meteors to 
that planet whermver their two ineaji motions may have 
brought or may hereafter bring tliem to the corres|)onding 
parts of their orbits, allowing for the change (if any) in 
the position of the axis. We say, if any, for it is not ot 
necessity the same as that of tl)c node, and, though cal- 
culable, has not as yet been calculated. 44115, however, 
<loes not affect the conclusion that such near nppulse must 
at some former time liave taken [ilaee, and will do so 
ac»*ain. M, Leverrier, to whom these considerations seem 
to have occurred iudependently, lias concluded that it did 
lake place about the year a.d. 126; and the motion of both 
bodies being very slow at that time (the velocity of the 
ivK'teors being in aphelio only 0'07 of that of the earth, or 
only 1*32 mile \)er second), they would remain for a longtime 
witliin the influence of the planet’s disturbing jiower, while 
at the same time tliat [lower would be acting at the greatest 
advantage to produce deflection from their line of motion. 
Hence that illustrions astronomer was led to conclude, that, 
just as Jupiter on a similar occasion seized ou and threw into 
an orbit of short peiiod Lexeirs cmnet (see art, 5S5), so at 
that epoch a wandering group of planeudes, wliose existence 
would, but for that meeting, have never become known to 
US, was deflected into the ellipse they actually describe. 
Sig. Sehiaparelli^ on the other hand ; considering that the 
semi-inifior axis of the meteoric ellipse is but small (0*44 I ), 
so that by reason of the moderate inclination the met(H>r in 
its course can never rise much more tlian 14 radius of (lie 
earth’s orbit above its# plane ; appears di;s|)oscd to attribute 
their present form of orbit to the attraction of .lupitcr 
or Saturn, within whose disturbing iuiUuince he considers 
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tliat tlioy must at some period or other have passed , an 
ojaiuon which appears to us less probable^ luasmiicli as tlm 
(jisturbing force would in tljat case have tended chiefly in a 
direction at right angles to the plane of their motion, and 
(by reason of tljc much greater velocities of both bodies^ 
have acted for a much shorter time. 

(905 jj,) For the meteors of the 10th of August, adopting 
as the place of the radiant the star k Persel, assigned by the 
observations of Mr. A. S. Ilerschel in 18G3, and assuming 
the orbit to he a parabola (an assumption whicli determines 
the velocity at the moment of rencontre, being to that of 
the earth regarded as describing a circle, in the constant 
ratio of : 1), a velocity wiiich he found to agree tolerably 
well with that directly deterinined by INlr. Ilerschel and Ins 
co-observers on the same occasion, M. ScJiiaparelli has also 
computed the elements of their orbit. And again, b}^ a 
coincidence hardly less striking, these are found to agree 
with the elements »>f the groat comet of 18G2, as the fol- 
lowing comparison will show : — 




AugTJsit; .vnacors, 
Sel?iai)aroi]i’6 
Klenient®. 

Comet 111. 1S((2 
Elements of 
Oppolzer, 

throiij^h dc.scotulii)j» Node 

1866 , Ai:g. 10-75 



Perihelion l*as.sa 5 jfe 

- 

— - Jn'iy ‘2:r62 

1862, Aug. 22-9 

‘Longitude ol’ Perihelion 

- 

340'^ ’SS' 

344° *41' 

liongltnde of Aseending Node 

- 

138'^ If/ 

137° 27' 

inclination- « - . 

- 

64° 3 ' 

66° 25' 

Perihelion Distiitice 

- 

0-5)643 

0-9626 

Period - - - - 

' ! 

— 

123-74 

Motion - - - - 

- i 

lletrograde 

Ketrogrado 

W'iiliout supposing the orbit aI)solutely para 

bolic, an ellipse 

of long period (say 124 

yeii 

irs) would e([ually well satisfy 

tlie conditions ; but to make the remtontre 

annual, a com- 


])iete aiinulrr or elliptic stream of meteors would be ref|uired. 
File radiant point of the Ahgnst meteors, bowevei‘, seems 
hardly so definite as that of the November group, the 
determination in different yearvS by different observers differ- 
ing considerably. Both these considerations would seem to 
authorize the ascription of a far higher antiquity to the 
irfrrodiiction of this assemblage into our system , *giving 
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time not only for the individual meteors to gain or lose 
upon each other in consequence of minute differences in 
their periodic time, so as to draw out the original group 
into a stream, but to disperse themselves over considerable 
differences of inclination and excentriclty by the effect of the 
earth’s perturbative action, while all the plia3iiomena of the 
November group point to a much more recent origin. 

Note (O), Art (*^95). 

(395 b b.) The total solar eclipse of Aug. 18. 1868, which, 
commencing not far from Aden, at the entrance of the Red 
Sea, traversed the whole peninsula of India from Mai wa to 
Masulipatam, and pursued its course eastward and south- 
ward across the Malayan peninsula, to the extreme northern 
point of Australia, afforded an excellent opportunity for the 
critical examination of tlie marginal protuberances fis well 
as the pluenomena of the corona; whieli, if seen at all from 
a station on the centi'al line, could not be held to originate 
in the earth’s atmosphere l)y reason of tlie great l)readth of 
the total shadow (at lenst 115 milcKs), Accordingly, it was 
eagerly seized, and competent ol>serv(‘rs, well, furnished 
with every requisite in.'trumeut and na^ans of observation 
and record, took up their statinns at points on or yory 
nearly adjacent to the central line. The unusual (luration 
of the total ohscuratioii, being nearly six minutes, alloAvofl 
ample time for making all the necessary o1)scrvatioiis, jjs 
well as for securing photographs, winch last desideratum 
was successfully accomplished at Chintoor in India, by 
skilled photographers under the direction of Major Tennant, 
as also at Aden, The final results may be thus briefly 
stated. — 1. The darkness w^as by no means so great as wns 
expected; doubtless, owing to the great amoiidt of light 
emitted by the corona and the marginal prominences. 'Hie 
light of the former gave a continuous spectrum, and more- 
over was found to be distinctly and strongly polarized ; 
everywhere In a plane* passing through the point exarnimid 
and the. sun’s center. This establishes beyond all possible 
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doubt its origin in reflection from a solar atmosphere ex- 
terior to the pliotosphero (or at least of some sort of 
envelope, Aviiether atmospheric or nebulous in its nature and 
connexion Avith the sun) of vast extent, though probably of 
small density, and is altogether opposed to its origination in 
that of our earth; our sky light so near the sun exhibiting 
no trace of polarization. — 2. Tlie red prominences, whix’h 
were numerous and most remarkable, showed no sign of 
polarization, and were, therefore, self-luminous. One of 
them, the most conspicuous, projected like a horn or tall 
excrescence to the distance of 3' 10'" 
from the true limb of the sun, \vbi(di 
corresponds to a vertical elevation of 
90,200 miles above tiie level of the 
photosphere. Its oiilline, as [hoto- 
graphed at Gnntoor, was as in thij 
annexed diagram, indicating by its 
markings a spiral form, like that which 
might be conceived to result Irom a 
combined rotatory and ascensional 
movement, as of a vast column of 
ignited vapour rushing upwwd with a 
swirl from the photosjhcre into tlie 
inoher regions of a non-liuninous atmosphere, — 3. ^flu' 
light of the ])rominences subjected to spectroscopic examina- 
tion was in accordance witli this idea. It gave no continnour; 
spectrum, but a{>pcarcd to (‘onsist of distinct rnoiioclirowaffc 
rays, or definite bright Ibics ((‘haracteristic of incandescent 
gases). Of these, M. Janssen, stationed at (jiintoor, saw^ 
six, in the red, yellow', green, blue, and violet regions of the 
spectrum; two of them corresponding to Fraunhofer’s lines 
o, F, indicative of hydrogen. Major Tennant, at the same 
station, jKirceived only four, viz. : C in tlie red, and D in tlie 
orange (corresponding respectively to hydrogen and sodium; 
— one in the green near F (hydrogen), and a fonrtli seen 
with difiienlty in tlie blue near to G‘. IJeut. Ilerscliel at 
♦lainkandi (wdiere the total |>hase of the eclipse was much 
interfered ^vitli by passing clouds) perceived distinctly three 
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vivid lines, red, orange, and blue, and no others, nor any 
trace of a continuous spectrum. The orange line proved by 
measurement to coincide precisely with i), the others ap- 
proximated to C and F, and probably, the difficult circum- 
stances of the measurements considered, were coincident 
with those lines. M. E-ayet at Wah Tonne, in the Malayan 
peninsula, noted no less than nine brilliant lines correspond- 
ing to tlie solar dark lines B, D, E, b, F, two adjacent to G, 
and one between b and f (probably Barium). These ob- 
servations arc quite decisive as to the gaseous nature and 
vehement incandescence of the prominences, and indicate 
astonishingly powerful ascensional movements of what might 
be called flame (were combustion possible) in an atmos})here 
reposing on the photosphere. — 4. Besides these hard and 
sliarply defined prominences, Avere also seen ranges irregular 
in form, of wdiat might pcrliaps be considei’cd cloudy or 
vaporous matter, of less intensity and softer outline. 

(395 c c.) Reasoning on the monochromatic character of 
the light emitted by incandescent gases, and si)eculating on 
the extreme ];)robability of the solar prominences being in 
the nature of tumultuous ejections of such gases, it had 
early occurred botli to Mr. Huggins and Mr. Lockyer that 
they might possibly become the subject of spectroscopic 
study, as appendages to the sun’s limb, or in the umbrie 
spots unilluminated by photospheric light, without the ne- 
cessity of waiting for the rare occurrence of a total eclipse. 
Accordingly, during tlie two years immediately preceding 
that of Aug. 18. 18()S, the former made several attempts 
w ith various spectroscopic and other contrivances (sucli as 
viewing the projected image of the sun’s border through 
combinations of coloured glasses. See.), to obtain a view of 
them, though without success ; and the latter Imd applied 
for and* obtained from the Roj^al Society a grant for the 
construction of an apparatus for tlie purpose, which, how- 
ever, was not completed till after the occurrence of tlie 
eclipse. Meanwhile the actual observation of the mono- 
chromatic character of their light, and the exact coincidence 
of theii* lines with situations which in the spectrum of th^ 

. 3 A 
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photosphere are marked by a deficiency of light, at once 
suggested to M. Janssen, as it did also to Lieut* Herschel, 
the possibility of discerning, or at all events of, as it wore, 
feeling them out, the former by means of the spectroscope, 
the latter by combinations of coloured glasses. M. Janssen, 
on the day immediately following the eclipse, put his con- 
ception into practice, and at once succeeded. Placing the 
slit of his spectroscope so as partly to be illuminated by the 
edge of tlie photosphere, and partly by the light (IVom 
whatever origin) exterior to it, he found the spectrum of tlic 
former portion in the immediate neighbourhood of tlie ray 
c to be crossed (as might be expected) by tJiat dark ]in(\ 
At the point of the limb to which his examination was first 
directed, nothing was seen beyond. But, on shifting tin* 
point of examination gradually along the limb, a small (h>t 
of ruddy light was perceived, in exact contiiuiation out- 
wards of the dark line, which, on continuing the inovcnient 
of the spectroscope along the limb in the same direction, 
gradually lengthened, and then again shortened : thus re- 
Ycaling the existence of a prominence giving out that par- 
ticular nionochromatic red, whose form and outline lie was 
thus enabled to trace out. Directing his attention, iu like 
manner, to the dark line F, the same plncnoinenon was 
repeated, in tlie tint proper to that region of the sped rum. 
At some points it was also observed that the bright lino of 
tlie prominence encroached upon and extended into the 
corresponding dark line of the photosphere. 

(39o d d.) Ml*. Lockyer’s apparatus liaving meanwriile 
been completed, he was at length enabled to announce (on 
Oct. 20) that after a number of failures which made the 
attempt seem hopeless, he had at length succeeded in ob- 
serving*, assart of the spectrum of a solar prominence, three 
briglit lines, one absolutely v^oincident with c, one near i), 
and one nearly coincident with f. On Feb. 16. 1869, an- 
other practical step in the same direction was made by Mr. 
Huggins, who, limiting, by an ingenious contrivance, the 
light admitted to his spectroscope to rays of about the re- 
ftangibility c, widening the slit sufficiently to admit of the 
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whole prominence being Inchided in its field, and absorbing 
the light of other refrangibilities so admitted by a ruby glass, 
was enabled distinctly to jierceive at one view^ tlie form of 
the prominence. Almost immediately aiVer, Mr. Lockyer 
succeeded by merely widening the slit of his spectroscope, 
without the use of any absorptive media., in obtaining a clear 
view of tlie forms in question. “^The solar and atmosplieric 
spect'i’a being hidden, and the image of the wide slit alone 
being visible, the telescope or slit is moved slowly, and the 
strange shado^v~forms flit pUvSt. Here one is reminded, by 
the fieecy infinitely delicate cloud-films, of an English 
liedgerow with hixuriant elms ; here of a densely inter- 
t willed tropical forest, the intimately interwoven branches 
tlireading in all directions; the prominences generally ex- 
panding as they iiioniit upw’^anls, and cliauging slowly, 
Indeed almost im])erce])tibly.” Lastly, on the 4tb, 5th, and 
dtli of May, Lieut. Herschcl found the sjiectrum of the 
solar envolo])e to ho visible without difficulty, and without 
other aid tliau the spcctJ‘oscope ada|)tcd to his telescope, 
and was enabled to fin'm a general picture of tlie distribution 
fif the luminous region .surround ing the snn. Twa) pro- 
minences were in particulju’ examined, one of \vliich formed 
a luminous cloud floating 1' or 2' above the surface. He 
perceived also (now for the first time) a fourth line near e> 
(since seen repeatedly), and .subsequently another between 
F and G. On this last occasion, having at first swept 
round tlie sun and found nothing particularly wairthy of 
remark, on returning to the point of deptirture, he perceived 
tile lines much more brilliant and intense tliaii usual, and 
furtlicr scrutiny satisfied him that lie had lieen witness to a 
violent and spasmodic eruption of vapour ” lasting only a 
few minutes! The mode in which he a\uis enabl^Ml thus to 
discern the forms of the solar <douds consisted in j^iviiiir to 
the telescope a vibratory motion up and down, on the prin- 
ciple of the persistence of luminous impressions on the retina, 
by which the perccptimi of the total form of an object results 
from the mental combination of a series of linear sections of 
its area.* And he describes the appearance of these .solaf 
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clouds as veiy similar to terrestrial — fleecy, irregular- 
shaped, and illuminated ; just such as eclipses liave told us 
they arc.” We have thus a new chapter of solar physics 
opened out, the commencement, doubtless, of a series of 
grand discoveries as to the nature and constitution of the 
great central body of our system. Mr. Huggins has also 
applied spectrum analysis to the coma3 and tails of comets 
in which he considers satisfactory proof to exist of tlic 
presence of carbon. 
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II. Synoi‘T1c Tarle op the Elements oe the 

Pl.ANETART' SYSTEM. 

N.B. — a ilenotes the mean distance from tlie siin, that of the earth bein.^ 
taken for unity ; P the mean sidereal period in mean .solar tlays ; c the eccen- 
tricity in decimal parts of the semi-axis; i the inclination of the orbit to the 
ecliptic ; Q, the lonj 2 ;itude of tlic ascending node; -or that of the perificliot; from 
node on orbit ; L the mean longitude of the planet at tlie moment of the epocli 
.E, for which the elements are stated; M the denominat(;r of the fr.iction 
expressing the mass of the planet, that of the sun hciitg 1 ; 1) the diameter in 
miles ; A the density, that of the earth being 1 ; T the time of rotation on its 
axis ; d the mean atigular cipjatorial diameter of the body of the plajiet, at its 
distance from the earth, in second.s ; € the'ellipticity of the spheroid, as 
a fraction of the erjuatorial diameter; y the inclination of the axis of rotation 
to the plane of the ecliptic; H the mean intensity of light and heat received 
from the sun, that received by the earth being 1. The asteroids are numhere<l 
in their order of discovery. 
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ArrENCix, 
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Stnoptic TabIjE op Elements {continued). 
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1863. Jan. 

0*0, B. 

61 

:131 

16 

57-9 

342 

44 

12*7 

73 

6 

25*4 

1862. Jan. 

0*0, B. 

6-J 

126 

12 

55*1 

34 

0 

8*2 

176 

1 

23 -2 

1863. Mar. 

25 5, B. 

G;1 

338 

3 

48-9 

269 

41 

0*7 

177 

7 

91 

1861. Mar. 

5 0, B. 

64 

311 

4 

46 9 

123 

43 

50-3 

182 

57 

5*4 

1861. May 

28-0, B. 

65 

158 

53 

48*7 

258 

22 

17*1 

192 

17 

21*4 

1861. Mar. 

18 0, B. 

66 

8 

13 

12-5 

38 

13 

4*7 

188 

42 

32*5 

1861. May 

27-0, W. 

67 

202 

40 

101 

306 

18 

47*9 

313 

38 

*3 

1862. .Jan. 

0*0, B. 

68 

44 

37 

54-7 

358 

57 

32 0 

282 

33 

47*2 

1862. .Jan. 

0*0, B. 

69 

186 

59 

4*0 

111 

8 

42 -0 

164 

2 

21 0 

1861. .June 

3 0, B. 

70 

48 

16 

27-8 

299 

47 

31 6 

250 

34 

KM 

1861. .June 

0*0, B. 

71 

316 

1<S 

48*4 

221 

58 

46*8 

322 

15 

20*8 

1861. iSc’pt. 

25 5, B. 

79 

207 

37 

13-1 

309 

48 

37*9 

22 

52 

55*9 

1863, .Ian. 

0*0, B. 

79 

7 

32 

1 8 -9 

61 

33 

51-1 

189 

47 

11*9 

1862, May 

26 0, W. 

7'! 

200 

29 

20*2 

6 

4 2 

36 -5 

0 

31 

29-4 

1862. xSept. 

16*0, B. i 

75 

359 

52 

19*1 

334 

40 

121 

4 

40 

23*1 ' 

1862. Nov. 

0 0, M. j 

76 

212 

29 

32*5 

67 

10 

17*9 

28 

48 

2*8 

1862. Oct. 

24*5, C. 

77 

o 

7 

1*7 

58 

9 

1*3 

39 

25 

26-4 

1863. .Jan. 

0 0, B. j 

78 

334 

2 

34*2 

121 

13 

59*2 

173 

41 

43 '8 

1863. May 

8*5, B. 1 

79 

206 

42 

40*0 

44 

20 

331 

45 

50 

13*3 

1864. Jan. 

J *0, G. 


218 

31 

18-S 

355 

7 

20*7 

61 

25 

32-3 

1865. Dec, 

3*0, B. 

1 SI 

y 

31 

4 51 

48 

17 

29-6 

29 

35 

16*4 

1861. Nov. 

13*0, B. 

i ^9 

26 

50 

33 

131 

12 

48 

91 

4 

41 

1865. .Jan. 

0*0, B. . 

; n 

98 

26 

18*9 

n 

8 

31*6 

112 

15 

23*0 

KSOl. Jan. 

1*0, G. 

h 

111 

56 

37*4 

89 

9 

298 

1 135 

20 

6‘o 

Do. 


i4 

72 

59 

35-3 

167 

31 

161 

J77 

48 

23*0 

Do. 



130 

7 

3 1 *9 

43 

17 

30*3 

335 

6 

0*4 

IS 50. .Tan. 

KO, G. 


Synoptic Tabte op Elements {continued. See 357 rt,Note F.) 
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1 

882000 

1923*6'4 

0*25* 

609 7 — 

82 45 — 

45940 


‘2 

4865751 

3183 

6*89 

Ml 

21 5 — 

- 

6*674 



401839 

8108 

17*55 

0*84 

23 21 ~ 


l’.9J 1 



3.59551 

7925*648 

- 

1*00 

23 56 4-1 

66 .32 6 ; 

; l-ooo 

298 


2680337 

4.) 4 6 

6*46 

0*72 

24 37’22*V 

59 41 49 

0*431 

62 

V- 

1047*871 

90734 

37*91 

0*24 

9 55 21 -3 

86 54 30 

0036 

16'‘84 


3501*600 

76791 

17 *.50 

0*1 1 

1 10 16 0-4 

61 49 — 

‘ 0*01 1 


i.tr 

20-170 

35307 

.3*91 

0*20 

. 

- 

0*00.3 



1 18780? , 

39793 ? 

2*88 

0*1 5 


« 

0*001 
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Namks of DrscovEKKi:s and Dates of Discoveuy 
OF the Asteroids. 


Ceres 

3 *allas 

Juno 

Vesta 

Astnra 

Hebe 

Iris 

Flora 

Metis ? 

Ilygiiia 

CarthcMope 

Victoria 

K^oria ? 

Irene 

Kunomia 

Psyclie 

Tiietis 

Melpomene. 

Fortuna 

Massilla 

Jajtetia 

Calliope 

'i'balia 

Tliemi.s ? 

i»l)(u-ea 

J*ioserpina 

lOuterpe 

i.iellona 

Ainj)hitrlte 

Urania 

Kuphrosyne 

Pomona 

.Polyhymnia 

("irce 

Ijcucotiiea 
Atalanta 
Fides 
Uedu 
.Usetitia? 
liar nonia 
Dapliiie 
Isi.s ? 

Ariad tie 

Nysa 

Fiu.ii:enia? 

liesiia ? 

A.irlaia 

lloris 

Pakvs? 

Virginia 

Nemnusa? 

.Knropa 

falypso 

Alexandra 

Pandora 


Piazzi 

Gibers 

Harding 

Gibers 

llencke 

TIencke 

Hind 

Hind 

Graham 

Gasparis 

Ga.sparis 

Hind 

(Jasj>aris 

Jliud 

Gasparis 

Gasparis 

I.-nther 

Hind 

Hind 

Gasparis 

Goldschmidt 

Hind 

Hind 

Gasjjaris 

( liiicornac 

I. nlhcr 
Hind 

J. .utlier 
r Marth 
^ lV)g.s<.»n 

Hind 
F'erguson 
(Toldschrnidt 
(Jiacornac 
Cliacornac 
Imther 
Goldschmidt 
laither 
Chacormic 
Chacornac 
Goldschmidt 
CJoidschinidt 
l*ogson 
Ft>g.soii 
Gol<Ischnii(It 
Ooldschniidt 
Pog.son • 
Putlier 
Gold.sclimidt 
Gold.sclimidt 
Ferguson 
• Uanrent 
GohLschmidt 
Luther 
Golflschniidt 
Seijjrle 


Jan. L 1801. 
Mar. 28, 1802, 
Sept. L 1804. 
Alar. 29, 1807. 
l.)ec. 8 , 1 845. 
July 1 , 1847. 
Aug. 18, 1847. 
Get. 18, 1847. 
Apr. 2.5, 1 848. 
Apr. 12, 1849. 
May II, iS.’iO. 
Sept. 18, 18.50, 
Nov. 12 , 1850. 
Mny 19, I 8 . 7 I. 
duly 29, 1851. 
Mar. 17, 1852. 
Ai>r. 17, 1852, 
June 21, 1852, 
Ang. 22, 1852. 
Sent. 19, 1852. 
Nov. 15, 1852. 
Nov. 18, 1872. 
Dec. 15, 1852. 
Ajjr. 5, 185.5. 
Apr. (), 1853. 
May 5, 1853, 
Nov. 8 , 185.3. 
Mar. 1 , 1851. 
Mar. 1 , 1854. 
Mar. I, 1851, 
July 22 , 1854, 
Sejj't. 1 , 18.5-1. 
Get. 2 h, 1854. 
Get. 28, 1851. 
Apr. 6 , 1855. 
A[>r. 19, 185.5. 
Get. 5, 1855. 
Oct. 5, 1 855. 
Jan. 12 , 18547. 
Feb. 8 , 185 o’. 
Alar. 1 , I85f;. 
iVIay 22 , 18.547, 
May 23, 1 850'. 
Apr. 1.5, 1857. 
Afay 27, 18.57. 
June 28, l!f57. 
Aug. Fi, 1857. 
SepV 15, 1857. 
Sej;t. 19, 18.57. 
Sept. 1 9, 1 8.57. 
Get. 4, 18.57. 
Jan. 22 , 1858. 
Feb. 4 , 1858 
Apr. 4, 1858. 
Apr. 1 1 , 1858. 
Sept, K), 1858. 
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Melete 

Goldschmidt 

Sept, 5), 1837. 

Mnemosvnc 

Euther 

Sept. 22, 1 859. 

(Mneordia 

laither 

Mar. 24, 1860. 

Olympia 

Chacornac 

Sept. 13, 1860. 

Echo 

Ferguson 

Sept. 15, 1860. 

Daniie 

Goldschmidt 

Sept. 9, I860. 

Erato 

I^esser 

Sept. 14, I860. 

Ansonia 

Gasparis 

Feb. 11, 1861. 

Angelina 

'rempel 

Mar. 6, 1861. 

Maxiiniliatia 

Teinpcl 

Mar, 10, 1861. 

Maia 

Tuttle 

Apr. 10, 1861. 

Asia 

Pog.son 

Apr. 18, 1861. 

Leto 

Luther 

Apr. ‘29, 1861. 

TJesperia 

' Sciaparelli 

Apr. 29, 1861. 

Panopea 

Goldschmidt 

M.ay .5, 1861. 

Niobe 

Luther 

Aug. 13, 1861. 

Feronia 

I’eters 

Jam 29, 1862. 

Clytie ' 

Tuttle 

Apr. 7, 1862. 

Galatea 

Teinpel 

Aug. 29, 1862. 

Eurydice 

Peters 

Sci)t. 22, 1 862. 

Freia 

D’Arrest 

Nov. 1*1, 1862. 


Peters 

Nov. 12. 1862, 

Diana 

Luther 

Mar. 15, 1863. i 

Eiirynomc 

Watson 

Sept. 14, 1863. 

Sappho 

Pogson 

May 3, 1864. 

Terpsichore J 

'IVmpel 

Sept. 30, 1 864. 

Alcmene 

Luther 

Nov. 27, 1864. 


Note. — Many of tlie names of the Asteroids appear to us very unhappily 
chosen. Tims, confusion is 'very likely to arise in printing or speaking, between 
Iris and Isis, Lutetia and Last itia, Thetis and Metis, 'I'hetis and Themis, Vesta 
and Hygela and Egeria, Egeria and Eugenia, Pallas and Pales. Is it 

too much to hope that the discoverers of the interfering inend)ers of these pairs 
will reconsider their names? It is not yet too late: the Nymphs, Dryads, 
Dceanidjc, &c., alford an inHnite choice of clas.sic names, graceful and eu]>ho- 
nious. Metis is known to few as a mythological name, Pales to fewer as that of 
a f(Mnule divinity, Nenmusa to none as the name of anybody (the ancient name 
of Nismes was Nemauszfs). 

III. 


Synoptic Tabcr op the Elements op the OuniTS 
OF THE Satellites, so p’ak as thisy are known.* 

1. Tus Moon. 


Mean rJistance from earth - « _ 

Mean sidereal revolution - - - 

Mean synodical ditto - - « 

Excentricity of orbit - - . 

IVIean revolutioi^of nodes - - - 

Mean revolution of apogee - 
Mean longitude of node at epoch - 
Mean longitude of perigee at ditto - 
Mean inclination of orbit - - - 

rdean loogitiule of moon at epoch - 
IVlass, that of earth being 1, 

Diameter in miles - - - - 

Density, that of the earth being 1, - 

The distances are expressed in equatorial 
epoch is Jan, 1. ISOl, unless otherwise exprtts* 
pressed in mean scalar tlays. 


radii 

ed. 


C0'‘-27d43:l()0 
27‘*-3216'dldJ8 
29<* -5305887 15 
0*054908070 

- (i 7 93^ *391080 

- 3‘232‘»*57p343 

13^ 53' 17" *7 

- 266 10 7 *5 

5 8 39 *96’ 

- 118 17 8-3 

0*011361 

2164-6 

0-55654 

r 

of the primaries. The 
The periods, &c., are cx- 
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nearly in, its plane ; that of the 8th is inclined to it at an angle about half way intermediate between the planes of the ring and of the planet s 
orbit. Tlie apsides of Titan have a direct motion of 80' 28'^ per annum in longitude (on the ecliptic). 

The discovery of Hyperion is quite recent, having been made on the same night (Sept. 19. 1S48), by Mr. Las<^e}l, of Liverpool, and Prof. 
Bon^, of Cambridge, U. S. Its distance and period <^re as yet hardly more than conjecture. Messrs. Kater, Encke, arid Lassell airree in 
representing the ling of Saturn as subdivided by several narrow dark lines, besides the broad black divisions svliicli ordinary telescopes show. 




151® O'? Exceiitricity — 0-1 0597 ? Mean distance about 12 radii of the planet. — {Hind, Astr. Soc, Notices, 




Elements of Periodical Comets. 


AI ’ rKM ) IX . 


(^h 


vj CT ^ 

S ’d 

OC' O'. 'O o CO C l ^ 

Cl CO lo “0 ^ 

o o b 

<0 0 - 10 ^ 0 ^’ 

O CO 


> 

(D 

p 


^ ^ 1C 

-• to 

cc to ai 2 ^ H ;! 

CO CO Nf’ »o ^ 

o 

:t -1 Cl CO Cl o 

f-H •^r to 


9 9 
CO .!:: 
2 0 


' CO _ C'i 'o 

2 'O ?» 4-* 


; O'; 00 r-^ '" O 

rr O 

CM 


r-- O I - XI T*< 

lo nr »o -«i t-* '■ 

^ ^ Cl r- ' 

H - 00 . 

Cl 1.0 CO *1* — 'O i 

CO O »0.( 

ti ^ o '•" *"■ ! 

O Cj t-o Cl ^ — ' 

CO o 'T 


fc-br ^ 


9 ^ - 

'T CO !>» 
O '1^ - 


12 - 

3 : lO t- rr CO 
CO M CO t-< 


'6 §3 


*^•5, 

00 


r G<i o no 

, (y> 10 .0 ;r :*' oi 

Cl C; t-^ ^ 
1 >- CO J — 

I Cl *0 ?y; I- L: , 

I ;3 ^ - O - i 

CO Ph 


I - ti CG -* 


« cr, O CJ ^ 

t! 01 O a, O ^ 

H ^ 5 “£ 2 

JJ vj Q ^ _o '*■’ 

JL CJ ’tj 

s 

o 


c: 


O 

£ o ^ 

P CO ^ 


s;?, 

E I 


. b 


9r- 


I c‘ 

o c 


^ rt « . 

- 'y o ; 
fcD •*' ;3 0 ' 
C ^10 


S oi? O 
> - 
tft ^ ^ 


to 

.S 


y 


c 


, cc l; 

X sO "- 

^ ::: 

t5 S 

J j, Q . !=. 


rf ’ 


^ y y 

}>■. t: '-' c 13 

^ O c> 

i^.CJ J: o c 




CO 


- ^ 

'”' Cl 


E 'tJ 

"^1 

.H 

c 

eg y 

9' 

•T3 y 

w . 


.£:i5 
, '*' ■ 

a p 

' 


<i> o 


O 

^ >> 


IS 

<y S 


'5 I o tc o' 3 

"" o C O w 

o ^ c ^ *0 

- § i -S ^ ‘ o * 

o C *^ O CJ (A cxj 

E 'S E .E 

O Z> ]k.« fti f. . 

^ p '13 c i!i S 

C ^ S r- •'^ rt y 

^ y 9 ' 0 ^ S 13 y 


o t 

c s: 


° ti 


»5 '"O 

•'-’ y _ 

^ 

j o y 3 
■' C3 "o D,T5 

o i; j. is 

r. 'XJ 


CJ ^ 


N y ^ 

^ id ’S,-^ 


o 


S y ^ 
y !S 0!“ rr **-' 

-- CJ ^ O O r^j 

.“!§">,= =■ 
o . J 4^ *4' -7- Ox: 
^ V y s-* *j;:;j ♦- 

;/: *“* C5 ^ "3; CJ 

C %rB. 

S ‘ 


, CJ 


M • 

rt ^ vw 

a Cl. n 

o ;3: <G 


Qj CL> 

^ y 


i, S 50 S . § O S '„ 
‘i: ■£ .S £ 8 Si 

i 4,.'^ r- X u 

- o rt ^ 2 Cl CL 

*9 «, -5 -s ^ ^ 

’ ;s "i I ® ^ 

— . ,a o tw.o 

:oi L3 <5 3 5 

ej^fCJ’^JCu-OP 


"H ,*« o >.o" 

2 <fl y c 
y L. ^ tt 


« 


4) ^ '-' y ,^- 

go . g y 

. o 2 - 

'^§ 0:^3 

u ? 

C 2 o ! 9 


to o 

CJ 


736 



APPENDIX, 


73 () 

Elkmknts of thk Oiiinr of the TCakth Aft roMruTEo by M. Leveriiier, 
FOR Intervai.s of 1(),0(X) Years, from 100,000 Years jbefoke a.d. 1800 
■ro 100,000 Years after that date.* 


Kpoch. 

Exctvntricity- 

Lon;;;itu(ic of 
I’erihelioa. 

Inclination. 

Longitude of 




o 

<■ 

o 

* 

•• 

O 


— 

100,000 

00173 

316 

18 

3 

45 

31 

96 

34 

— 

90,000 

0'0‘4.52 

340 

2 

2 

42 

19 

76 

17 



80,000 

()-0.398 

4 

13 

1 

IS 

58 

73 

47 



70,000 

0-(),3 16 

27 

22 

1 

13 

58 

136 

8 

— 

(J0,000 

0-0218 

46 

8 

2 

36 

42 

136 

29 

— 

‘50,000 

0-0131 

50 

14 

3 

40 

11 

116 

9 



40,000 

0 0109 

28 

36 

4 

3 

1 

91 

59 



30,000 

OOlil 

5 

50 

3 

41 

51 

66 

49 

— 

‘20,000 

0*01 S8 

44 

O 

o 

44 

12 

41 

34 

— 

10,000 

0 0187 ! 

78 

28 

1 

24 

35 

16 

39 


0 

0*0168 

99 

31) 

0 

0 

0 

0 

0 

+ 

10,000 

0-01.55 

134 

14 

1 

14 

26 

148 

J5 

-i- 

20,000 

0*0047 

192 

22 

2 

7 

46 

124 

29 

-1- 

30,000 

0-00.59 

318 

47 

2 

33 

19 

100 

29 

+ 

40,000 

0*0124 

6 

25 

2 

27 

53 

75 

31 

H- 

.50,000 

0*0173 

38 

3 1 

1 

51 

54 

48 

13 

+ 

60,(X)0 

0-0199 

64 

SI 

O 

51 

52 ; 

10 

47 

-F 

70,000 

0*021 1 

71 

7 

0 

34 

35 

220 

38 

+ 

80,000 

0-0188 

101 

38 j 

1 

45 

40 

170 

15 

-i- 

90,(K)0 

0-0176 

109 

19 

(j 

40 

56 

139 

3 

+ 

100,000 

0-0189 

114 



3 

2 

57 

109 

57 


lOxcENXKinirv' AND Longitude of the Periheeton of the Earth’s Okiht 
FOR A Million of Years Past and to Come, as coairuTED by Mr. 
Croll (P/hV. Ma(/. April 1866'). 


Nuinher of 
Yo.irs before 
Kpoch 18(K). 

1 Excentitcity. 

T^rongitiide of 
rerihelion. 

Number of 
Yc:ir« after 
Kpoch 1800. 

1 

j Excentricity. 

1 

Longitude of 
Perihelion. 

1,000,000 

0-01.71 

O '' 

248 22 

50, OCX) 

i 0-0173 i 

38 12 

9.50, OCX) 

0 05 17 

97 

51 

100,000 

J 0-0! 91 i 

3 J 4 50 

900, OCX) 

0-0102 

135 2 1 

1 50,000 

0-0353 i 

201 57 

850,CX)0 

0 0747 

239 

28 

2(X>,000 

0-0076 

303 30 

8(X),000 

0-01.32 

343 

49 

250,000 

0-0286 

.350 54 

750,000 

0-0575 

27 

18 

300, 0(X) 

0*0158 i 

179 29 

7CX),000 

00220 

208 

13 

350,000 

0*0098 ; 

201 40 

650,000 

0-0226 i 

141 

29 

400,000 

0*0429 

6 9 

600,000 

0-0417 I 

32 

34 

450,000 

0-023 1 

98 37 

! 550,000 

00166 

271 

50 

.500,000 

0*0534 

1 57 26 

1 500, OCX) 

0*0388 

15)3 

56 

550,0CX) 

0-0259 

287 31 

4 50,000 ‘ 

0 0.308 

3.76 

52 

600,0(X) 

0-0,395 i 

285 43 

1 400,000 

00170 

290 

7’ 

6.70,CXX) 

00169 

144 3 

1 3.70,000 

0*0195 

182 

50 

700,000 

0-0357 

17 12 

1 300,000 

0*0424 

23 

29 

750,000 I 

0-0195 

* 0 53 

1 2.70,000 

0-0258 

59 

39 

800,000 

0-0639 

140 38 

200,000 

0(>569 

168 

J8 

8.50,000 

0*0144 , 

176 41 

1 .70,000 j 

0*0332 

242 

56 

900,000 

0-0659 

291 16 

100,CX)0 1 

0*0473 

316 

2 

950,000 

0 0086 

115 13 

,70,000 

1 O 1 

0 0131 

0 0I6« 

50 3 

99 30 

1 ,000,000 

i 

0-0528 

57 31 


C i/ouiiissiancc dus Te ■ ran 1843 
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Elements os* Asteroios niscovFREn since 18(74. 
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2*361823 

1325*77 

0-2361542 

! 9 

22 

25-5 

85 

To - 

- 

- 

2*68*3884 

1579*14 

0-1908907 

i 11 

53 

9-7 

86' 

Scinele 

- 

- 

3-090786 

1984 73 

0 20491 13 


47 

44-6 

87 

Svlv'ui 

- 

- 

3 ’4 94 1 10 

2385-66 

0-08235 1 1 

10 

50 

56-9 

88 

'I'hisbe 

- 


2*768885 

1682-89 

0-1651097 

5 

14 

30-1 

89 

Julia - 

- 


2-549835 

14S7-19 

O' 1 80; 50 I 1 

16 

11 

25 5 

90 

Anti ope 

- 


3'] 38789 

2031-15 

*0*1747166 

*2 

16 

47-8 

91 


- 

- 

2-491717 

1436-63 

O-()6620]3 

2 

9 

31*6 

99 

UluHna 

- 

- 

3-I9I6I 8 

2082-65 

0*1031 710 

9 

57 

3 0 

9.3 

Minerva 

- 

- 

2-7559 1 0 

1 67 J -07 

0- 1 102670 

xS 

S6 

.31*8 

94 

Aurora 

- 

- 

3-160410 

2052-12 ! 

(>■08 89312 

8 

5 

18-5 

95 

A ret.il usa 

- 

- 

3 *06 8 7. ''6 

1 963-58 : 

0* 1 465338 

12 

51 

1 ,5 

96 

AO-le 


- 

3'-0,5l.700 

1940-71 1 

0*1 4027 63 

16 

6 

31-1 

97 

Clot ho 

- 


2-668fi‘21 

1592-31 I 

0-'56S941 i 

11 

44 

58 -4 

98 

1 lanllie 

* 

- 

i 2*6x84535 

168)6-58 j 

0-1891891 

15 

32 

35-1 

99 

j 




' i 





100 

I locate 

- 

- 

2-9‘’3,973 

1892-21 1 

0-16 90456 

6 

9 

50*4 

101 

! Helena 

- 

- 

2-5731 19 

1 

O I;if>4040 

10 

4 

19-5 

1 02 

Alif iani 

- 

- 

2v 62;V;7 

1586*72 j 

0*2*547 6()'8 

5 

r: 

3 '3 

1 03 

liora 

- 

- 

2 -70 22 6 5 

1622-52 : 

0-OoO(;707 

5 

21 

35*2 

1 04 

(.’lynione 

« 

- 

;;*I79809 

207 I -09 ! 

0-1 973404 

2 

53 

26*7 

105 

Artouiis 

- 

- 

2-3799:5 

1341-06 i 

0-1761972 i 

21 

38 

5 9 0 

106 

Dibne 

** 


3*201010 

2091'xS4 1 

0*1950237 ! 

j 

4 

41 

33*2 





■w 



L 


E 


• 


o 



o 
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. 
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83 

27 

33 

,31 -2 

1 93 

49 

32*0 

339 

49 

35 1 

18(;6. Get. 

1 -5, 

15. 

84 

337 

22 

I-l 

339 

n 

58-1 

353 

48 

43-6 

1865. Nov. 

13-0, 

15. 

85 

203 

5:i 

27-0 


35 

52-7 

102 

36 

•1 3 '6 

1867. Jan. 

0 (), 

15 

86 

87 

5r> 

52-1 

28 

39 

(v7 

.39 

12 

57 ■ 1 

1866. J.ui. 

20-0, 

15.J 

87 

76 

21 

4*6 

336 

59 

9-2 

*25 1 

;>2 

58-3 

I8 6(j. ’May. 

16-42, 

15. 

88 

277 

42 

52 5 

308 

50 

52-4 

304 

59 

21-7 

1866. Au<^. 

4 -5, 

15. 

89 

311 

30 

11-7 

353 

17 

81 

330 

44 

.‘=7-1 

1.866, Aufr. 

3 I -O, 

15. 

90 

71 

11 

59-6 

301 

1 

2x8 -5 

351 

44 

29 -6 

1866. Oct. 

2 8 0, 

15. 

91 

11 

41 

34-8 

68 

54 

3-3 

28 1 

27 

18-8 

1x869. June. 

.30*0, 

15. 

92 

102 

52 

32-7 

333 

21 

.56-0 

27S 

25 

58 8 

1867. .Tan, 

0*0, 

15. 

93 

5 

1 

114 

275 

.38 

16 3 

.342 

40 

15 4 

1867. Oct. 

2 -0, 

15 

94 

4 

34 

36-4 

44 

37 

19-5 ! 

' 159 

4 7 

3-2 ■ 

1870. .I.'ii. 

OO, 

15. 

95 

24 4 

22 

31*4 

30 

Ljt} 

31-4 I 

|i^7 

59 

11-2' 

1869. Jan. 

0 0, 

15. 

96 

322 * 

51 

4 3 

: 164 

16 

51-5 1 

275 

11 

5-i ’ 

1870. Jan. 

0-0, 

15. 

97 

160 

36’ 

34-8 j 

65 

33 

36*0 

! 126 

8 

50 O 

1868. Jan. 

0*0. 

15 

98 

.354 

16 

43-2 

147 

43 

7-5 

j 150 

25 

16 -9 , 

186S. Jan. 

0-0, 

15, 

99 






i 







1 f)0 

128 

16 

59*3 

343 

O 

46-1 1 

316 

7 

52 ’7 i 

1868. .July, 

11*0, 

15. 

101 

.343 

35 

0*1 

.328 

Ao 

51 0| 

3 16 

33 

18 -i ,1868. Sept. 

I 4 -0, 

15. 

102 

211 

.32 

43-2 

.355 

9 

10-2 ; 

.‘i03 

28 

.44 *0 ■ 1 868. Jun. 

0*0, 

15. 

103 

1.35 * 

56 

.56*4 

326 

15 

4-8 1 

0 

2 

16-1 

1868. Oct. 

13 o. 

i>' 

104 

-13 

16 

12-1 

62 

I 1 

x55*4 1 

18 

24 

11-2 

1868, Sept. 

11-0, 

15. 

105 

187 

,54 

1-8 

242 

36 

97-3 ; 

348 

51 

xSO 

1868. Oc 

13-0, 

15. 

106 

62 

42 

.38 9 

35 

37 , 

53 -6 j 

22 

25 

0-2; 180 8. Oct. 
i 

11-0. 

15. 
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NOTKfi. 


Names of Discoveueus and Dates of Discoveuy, 


83 

Beatrice 

(Jasparis 

April 26 , 186'5. 

84 

Clio 

Luther 

Aug. 25, I8G5. 

85 

lo 

Peters 

Sept. 19, 1865. 

8G 

Semele 

Tietjcn 

Jan. 4, 1866. 

87 

Sylvia 

Pogsun 

May 16, ISO’f). 

88 

Thisbe 

Peters 

June 15, 186C). 

89 

Julia " 

Stephan 

Aug. 6, 1866. 

90 

Antia])e 

Lutlier 

Oct. 1, 1866. 

91 

A’ijrina 

Stephan 

Nov. 4, 1866. 

92 

Undina 

l\rtejs 

July 26, 1867. 

93 

MinLMva 

Watson 

Aug. 24, 1867. 

94 

Aurora 

Watson 

Sept. 6, 1867. 

95 ' 

Aretluisa 

Imthcr 

Nov. 23, 1867. 

9G 

.Egle 

Coggia 

Feb. 17, 1868. 

97 

Clotlio 

Tempcl 

Feh. 17, 1868. 

98 

lanthc 

Peters 

April 18, 1868. 

99 


Borelly 

May 28, 1868. 

100 

Hecate 

Watson 

July 11, 1868. 

101 

Helena 

Watson 

Aug. 15, 1868. 

102 

Miriam 

Peters 

Aug. 23, 1868. 

103 

Hera 

Watson 

Sept. 7, 1868. 

104 

Clymene 

Watson 

Sept. 13, 1868. 

105 

Artemis 

Watson 

Sipt. 16, 1868. 

106 

Dione 

Watson 

Oct. 10, 1868. 
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INDEX. 


Thi' rtf<‘rfflicos art» to tlu‘ articles, not to thi» pagn«. 

. . . attni'iu d a reference numlK'r indicates that the reference extends to the article eiteti, .*jv} 
several subsequent in Micecssiun. 


A. 

AnKRRATios^ of liglit expljiincMl, 329. 
Its iiriujoora.jijiical onVets, 333. Of 
an ol)jert. in iiitirioii, 335. Uowdis- 
tiii<riii.sluv.i from piirullax, 805. S^'s- 
tcniatic, 8()2. 

Ahold Wefa^ 705. 

Acceleration^ secular, of moon’s mean 
motion, 740. 

Adain,s, 506. 767. 

Adjustment, errors of, in instruments, 
136. Of particular in.sM MUients. (^See 
r.iiose in.stniincnts.) 

AHfna, portion of earth visible from, .32. 
i [eight of, 32. note. 

Ayailutcies, c(‘lijrse of, 933. b., aiul 
Table of Eras, art. 926. 

Air, rarefaction i>f, 33. LaW” of (Itni- 
siry, 37. Hefractivc power allected 
by moisture. 41. 

Airjj (G. B., E.vq.), his re.sult.s respect- 
ing ligtiie of the earth, 220. lie- 
sea, rdies on ]i' rtnrlmtions of the 
earth hy VTnm.>,726. Kectilicutionof 
the mass of Jupiter, 757. 

Albatifinius, 430, 

Alif'l^ 821. 

A/O/z/f/e, ii.sed to find time, 129. 

and a/irnurh instruniciit, 187. 

s, erpial, inethod ul, 1 88. 

Andromeda, iicbiibi in, 874. 

d//<;/cof position, 204. Ufsitnation,31 1. 

Angles:, incasiireiiient of, 163. 167. 
Hour, 107. 

Anijalar velocity, law of, variation of, 
il50. « 

Anomalistic year, 384. 

Anomaly of a planet, 499. 

Annular nebnlfK, 87.5. 

Antarctic circle, 364. 382. 

Apex of aberration, 343. OOparallax, 
343 Of refraction, 343. Solar, 854. 
Of shppting stars, 902. 904. 

Aphelion, 368 


4/>ni7<?e,’368. Of moon, 406. Period 
of its revolution, 687. 

A psides, 406, Ko volu i ion of 1 u nar, 409 . 
Motion of, investigated, 675. Ap- 
plication to lunar, 676... Motion 
of, illustrated by experiment, 692. 
Of planetary orbits, 694. labration 
of, <194. Motion in orbits very near 
to circles, 696. In exccntric orbits, 
697... 

Arago, 387. 395. 432. 776,/. 877. 

yl/’c.v of meridian, bow measured, 211. 
Measures of some, 216. Kiissian, 
Indian, and Fren(di,223, a.,l!4ote 1). 

Arctic circh‘, 364, 382. 

Areas, Kepler’s law of, 352..., 490. 

Argclander, bis researclies on rariablo 
stars, 820..., on sun’s proper mo 
lion, 854. 

Artfo, nehula' in, 887. Imgidar stai r| 
in constellation, 880. 89G. </., Note K. 

Ariel, 5.51. 

AristiUus, 430, * 

Aseensfon, right, 108. {See Right as- 
cei].sii)ii.) 

Asteroids, their existence svispccrcd 
jirevious to their discovery, 505, 
Appearance in telescopes, ,52.5. Gra- 
vity on snrfae.e of, 52.5. JOlenients, 
Appendix, Syiiojitic Table. Total 
ina.ss of, inconsiderahle, 525. l^ist 
of discoverers, and dates of dis- 
covery. {See Synoptic Tables. ) 

Astreca, discovery of, 505. 

Astromeier, 783. ^ 

Astronomy, Etymology, 1 1. General 
notions, 11. 

A tmvsphere, constitiit ion of, 33. . . Pos- 
sible limit of. 36. Its waves, 37* 
Strata, 37. Causes refraction, 38- 
Twilig.bt, 44. Total mass of, 242. 
Of Jupiter, 513. Of the. sun, ax'S 
Sun. Of the moon, 431. 

Ahraction of a sphere, 446 — 450. {^ee 
Gravitation.) To a spheroid, 238.. 
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Augmentalum of moon’s apparent dia- 
inetcr, 404. 

Augustus^ his reformation of mistakes 
in the Julian calendar (919.). Era 
of, 926. 

Aurora Borealis, 115. 

Australia, excessive summer tempera^ 
turc of, 369. 

Auzoutj 158. note. 

Averages of results, their use, 137. 

of the earth, 82. llotation per- 
manent, .56. I\Iajor, of the earth’s 
orbit, .37.3. Of sun’s rotation, 302. 
Polar, its exact Icncjjth, 22.3. a.. 
Note D. JEguatorial, longer, ib. 

Axis of a planetary orbit. IVToment.ary 
variation of, caused by the tan»;ciitial 
force only, 6.58. 660. Its variations 
periodical, 661... Invariability of, 
and how understood, 668. 

Azirnulh, 10.3 — and altitude instru- 
ment, 187. 

13 . 

Jiabinet, his torsion gravimeter, Note E. 

JSailg, his observation ofannularcclipEe 
of the sun, 425. Mis beads, 425- 

Barometer, nature of its indication, 33. 
Use in calculating refraction, 43. 
In determining heights, 287. 

Base, nmasureinent of, 273. 

Beads, Bally’s, 425. 

Beer and Maedlcr, their work on the 
moon, 429. 

of J upiter, 512. Of Saturn, 514. 

Bessel, his results respecting the figure 
of the earth, 220. Discovers paral- 
lax of 61 Cygni, 812. 

BitMs comet, .579... 

Biiyt, his aeronautic ascent, 32. 

Birt, his examination of lunar craters, 
430, a.. Note II. 

Bissextile, 932. Oiinar’s proposal for 
its periodical omission, Note A. on 
art, 926. 

Bode, his (so-called) law of planetary 
distances, 505- Violated in the case 
of Neptune, 507. 

Boguskiwski, rofnarkablc observation 
of Halley’s comet by, 571. note. 

Bohnenherger^ his principle of collima- 
tion, 179. 

Bond, Prof., his observations of interior 
ring of Saturn, 521. His discovery 
of an eighth satellite of Saturn, 548. 

Borda, his principle of repetition, 198. 

Bouvard, his suspicion of extraneous 
influence on Uranus, 760. 


Brewster (Sir D.), his polarizing eye- 
piece, 204. d. 

British geometric system of wciglits 
and measures, 223. a., Note D. 

Broun, his torsion gravimeter. Note 
E. 

C. 

his reform of the Roman calen- 
dar, 917. 

Calendar, Julian, 9 1 7, Gregorian, 914. 

Calms, equatorial, 244. 

Carrhigton, solar phamomcnon ol> 
served by, 387, c., Note G, llifl 
researches on the sun’s spots, ib. 

Cause, and effect, 439. and note. 

Cavendish, his experiment, 776. h. 

Center of tlie earth, 80. Of the sun, 4 62. 

of gravity, 360. Revolution 

about, 452. ( If the earth ainl moon, 
4-52. or the sun and eavili, 4.51. 

Centrifugal force, Ellijnic form ofeartli 
produced by, 224. Illustrated, 225. 
Compared with gravity, 229. Of a 
body revolving on the earth’s sur- 
face, 452. 

Ceres, discovery of, .505, 

Chidlis (IVof), 506. note. 

Charts, celestial, 111. Con.stniction 
of, 291 ... Bremikers, 506. and note. 

Chinese records of comets, 574. Of 
irregular stars, 831. 

Chronometers, ho\v’ us(al for dctcrniin- 
ing difFercnccs of longitude, 255 

Circle, arctic and antarctic, 95. Verti- 
cal, 1 00. Hour, 106. Divided, 163 
Meridian, 171. 3veflecting,197. Rc« 
peating, 198. Galactic, 793. Mu ral . 
163. 1 68. Arctic and antarctic, 364. 
312. co-ordinate, 181. 

Clamp, 163. 

Clarke ( Alvan), his detection of a 
companion of Sirius, 859. a., Noted. 

Clarke (Capt. A. K.), liis computation 
of the dimensions and figure of the 
earth, 223. a.. Note I). 

Clausen, his orbit of comet of 1843, 
596. 

Clepsydra, 150. 

Climate, 366... Secular changes of, 
369. 701. 

Clock, 151. Error and rate of, how 
found, 253. 

Clockwork applied to equatorial, 186. 

Ciouds, greatest, height of, 34 . Mairel - 
lanic, 8^2... Solar, Note O, .395. dd» 

Clfisters of stars, 864... Globular, 867, 
Irregular, 869. ' 
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(Jol^nnatinn, 11 tic* of, 

(^(dlimator^ floating, 178. Bohnen- 
bcrger’s, 179. 

Coloured stars, 851... 

Colsoriy Ills iiiups, 284, 

ColureSy 807. 

ComctSy 55 K Si'cn in tlay-tlnie, 555, 
590. Tails of, 556*.., 56tl 5.09. Ex- 
treme tenuity of, 558. General de- 
scM-iption 560. Motions of, and 

described, 561... Parabolic, 564. 

Elliptic, 567... Hyperbolic, 564. Di- 
mensions of, 565. Of Halley, 567... 
Of Ca’sar, 578. OfEnckc, 576. Of 
Biela, 579. Its subdivision into two, 
580, Of Faye?, 581. Of Lca'cU, 585. 
Of Do Vico, 586. Of Brorsen, 587. 
Of Peters, 588. Synopsis of elements 
(A|>pendix). Incrc^ase of visible di- 
mensions in receding from the. sun, 
57 1 . 5 80. G rent, of 1 848, 589. . . I ts 
supposed identity with many others, 
594. Interest attached to subject, 
597. Cometavy statistics, and con- 
clusions therefrom, 601. Conclu- 
sions from the pbamoinetia of their 
tails, 570. Possible cause of their 
acceleration of period, .570. Heat 
sustained by, 592. Ihincipal dis- 
coverers of, 597. JVriodic, form two 
distinct families, 601. a. Of 1680, 
57:1. Of 1556, 574. Orbits of, iden- 
tical with those of riuteors, 90:5. 
a. Jj., Note N. 

Cornmefisutafitlfty (near) of mean mo- 
tions; of Kattirn’s satellites, 550. Of 
Uranus and Neptune, 669. and note. 
Of Jupiter and Saturn, 720. Earth 
and Venus, 726. Ktlbcts of, 7 1 9- 

Comjieusatum of disturbances, how ef- 
fected, 719. 725. 

Cojnpression of tci restrla I sjilieroid, 22 1 . 

CoHfifjnratiouSy ineqiial i 1 ies depend i ng 
on, 6.55.. . 

Conjunctions, superior and inferior, 
469. 478. Perturbations chiefly pro- 
duced at, 718. 

ConsciuuHuess of effort when force is 
exerted, 489. 

ConsteVatioiiSy 60. SO 1 . H o w broiig 1 1 1 
into view by cltange of latitude, 52. 
Uisirig and setting of, 58. 

Copernican explanation of diurnal mo- 
tion, 76. Of apparent motions of 
sun and planets, 77. 

Correction of astronomical observa- 
tions, 824,,. — s. Uranfigraphical 
summary, view of, 842... Order of 
up}>lic^ition of, :>45. 


Craters, lunar, tlicir great size ex- 
plained, 480, a., Note H, Alodels 
of by Mr. Nasmyth, 487. 

VuhninatwnSy 125- Up))er and lowtH*, 
1 26. 

Ci/chy of eonjunc'tion.s of disturbing 
and di.sturbed planets, 719. .Aleto- 
iiie, 926. Callippie, ib. Solar, 921. 
Eunar, 922. Of indictions, 928. Of 
eclipses, 426. 

! Cl/ clones, 245, a. 

D. 

Diirhenh^ gl isses, 201. c. 

Dotes, Julian and (iiregorian, interval 
between, bow computed, 927., , 

Dames ( Pev. \V. If.), his inotle of o!.»- 
serviiig solar spots, 2(.)4. e. ills dis- 
ct>very i»f the sun’s interior enve- 
U»}.e, 889. a. His observation ol 
interior ring of Saturn, 521. JIi> 
iliscovery of bright spot.s on Juj»i 
ter’s belts, 512. Of an eighth satel 
lite of Saturn, 548. 

7)at/y .solar, htnar, and sidereal, 118. 
B.'Uio of sidereal to solar, 80:5. 9<)f<. 
911. Solar unet|nal, 146. Mean 
ditto, invariable, 908. (’ivil and as- 
tronomical, 147. Intercalary, 916. 

Dai/s elajtseil between principal chro- 
nological eras, 92n'. linlcsfor rec- 
koning h(‘twe('n givt‘n dates, 927. 
h’ormuJ.e for. Note (\ Of vvt'ek no! 
the same over the globe, 257. .And 
nights, their inetjuality expliiJied, 
86.5. 

Declination, 105. How obtained^ 2?i5. 
l*arallols of, 113. 

Dcftnitlons, 82. 

/7cht////c('AV , Ksq.), his stereographs of 
the iiUHHi, <r.iO. «., Note H. Ills pho- 
tograplis ofthe sun, 400 n. 1 J is veri- 
ficatioJi of the willtjw-leaved struc- 
ture of its surface, .387. a,. Note G. 

/^cY/rce of meridian, how measured, 210. 
... Error admissible in, 215. Length 
of in various latitudes, 216. 221. 

Denslt}/ of earth, bow determined, 776. 

u. b. , 

Densities of sun and planets, 508. h. 
(See also Synoptic Tal>le.) 

Diotneters of tlie earth, 220, 221. Of 
planets', synopsis, Appendix. (See 
also each planet.) 

Dilatation of cornets in receding lT«>ni 
the sun, 578. 

DImintition. of gravity at equator, 281, 

1 Dioni:, 5 18. > 
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Dip of liorizon, 23. 

sector, 18, 19. 

Discs oi“ stars, 816. 

Disunite of the moon, 403.; the snn, 
357.; fixed stars, 807. 812,..; of 
the earrh mid jdanets from the him, 
fiitherto overrated, correction re- 
rjuired, .357. a., iSote F. ; polar, 10.5. 

Districts^ natural, in heavi ns, 302. 

JJisturbiny forces, 455. Ol sun, on 
moon, 606. Nature of, G09... Ge- 
neral estimation of, 611. Nume- 
rical values, 612. Unresolved in 
direction, 614. Kesolutiou of, in 
two inodc.s, 615. 618. Kf^ects of 
e;ich resolved portion, 616... On 
moon, expressions of, 676. Geo- 
mctric.ai representations of, 676. 717. 

Diurnnl motion explained, 58. Pa- 
rallax, 339. Kotatioii, 144. 

Double refraction, 202 , Imatre mi- 
eroineter, a lunv, described, 203. Co- 
met, 5E0. Nebiilie, 878. 

Double Stars, 833... Specimens of 
raeh class, 836. Orbital motion 
of, 839, Subject to Newtonian ai- 
Iraeiion, 843. Orbits of jiarticuiar, 
843. Dimensions of these cubits, 
844,848. Coloured, 851 ... Appa- 
rent ])eriods affected by motion of 
light, 86‘3. 

Doucy his law of temperature, 370. Of 
rotation of winds, 245. «. 

Droinape basins, 289. 


E. 

Earth. Its motion admissible, 15. 
Spherical form of, 18. 22 ..., 419. 
Optical ctt’ect of its curvature, 25, 
J liurnal rotation of, 52. Uniform, 56, 
Permanence of its axis, 57. Figure 
spheroidal, 207. 219... Dimensions 
of, 209. 2 JO. 220. 233. a.. Note D. 
ICUiptic figure a re.sult of theory, 
229. Temperature of .surface, how 
maintained, 336. Appearance as 
seen from moon, 436. Velocity in 
its orbit, 474. 4 , Disturbance by Ve- 
nus, 726. Dcjisily of, 776. «. h. 
Solid content of, 776. /. 

EclipHes^ 411... Solar, 420, Note O. 
Lunar, 421... Annular, 425. Periodic 
return of, 426, Number possible in 
ii year, 426, Of.lupiter’s satelHfes, 
266. 538, Of Sal urn’s, 549, 'lotal 
of sun, phtcnoniena of, 395. Ancient, 
tlAir use in fixing dates, 933-.. 


Ecliptic, 305... Its plane slowly vari- 
able, 306. Cause of this variation 
explained, 640. Poles of, 307. Li- 
mits, solar, 412. Lunar, 527. Ob- 
Ikpiif.y of, rK)5, 306. 

EgppiianSy ancient, eiironology, 912. 

J'f/emenls of a planet’s orbit, 493, Va- 
riations of, 652. ,, Of double star or- 
bits, 843. Synoptic table uf jdanet- 
ary, ^icc.. Appendix. 

ElUipse, variable, of a planet, 653. Mo- 
mentary or osculating, 654. 

Elliptic motion a consequence of gra- 
vitation, 446. Laws of, 489... Their 
tJici>retical explanation. 491. 

EUipticiiy i)^ tijc Earih, 208. 221. Of 
its meridians, 223. a.. Note D. Oi 
its equator, ib. Of Jupiter, 512. a. 

lilimyuimn , 33 1 . Greatest, of Mer(!ury 
and Venus, 467. 

E'nceladus, 548., note. 

Enche, comer of* 5 7 6. His hypothesis 
of the resistance of the ether, 577. 

Eptfcli, one of the elements of a planet’s 
orbit, 496. Its variation not inde- 
pendent, 730. Variations incident 
on, 731. 741. 

Ei/uafioH of light, 335. Of tlie center, 
375 . Of time, 379. Lunar, 452. 
Annual, of the moon, 738. Men- 
strual, of the sun, 528. 

Eyuator. 84. 1 12. Of tin* earth some- 
what elliptic, 223. a., Note D. 

Equatorial, 1 85. 

instrument, 84 112. 

calms, 224. 

EquiJibrimn, figure of, in a rotating 
body, 224. Excmidified by an ex- 
periment, 225. 

Eqtiiuoctial, 97. 113. Time, 148. 935. 

/uptinojr, 293. 303. 307. 362. 

Equinoxes, pree(‘Ssion of, 3 1 8. Its el- 
IV ets, 3 1 3. In what consisting, 314... 
Its pJjysical cause explained, 642... 

Elras, chronological list uf, 926. 

ICrratk stars, 297. 

El rrorsy tda ss i fication o f, 133. Instn 1 - 
mental, 135... Of adjustment, 136. 
Their detection, 140. Destruction 
of accidental ones by taking means, 
137. Of clock, how obtained, 293. 

Establishment oi' li port, 754, 

/zither, resistance of, 577. 

Ejection of moon, 748. 

EE'olule of ellipse, 219, 220. 

Elxcenirkzities, stability of Lagrange’s 
theorem respecting, 701. 

Excentricity in a divided circle, how 
eliminated, 141. Earth’s orftit, 354, 
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Past and future, see tables in Ap- 
pendix. How ascertained, 877. Of 
the inoorrs, 405. Momentary per- 
turbationof, investigated, (>70. Ap- 
plication to lunar theory, 6’88, Va- 
riations of, in orbits nearly circular, 
696. In excentric orbits, 6'97. Per- 
manent inequalities depending on, 
719. 

F. 

Facul(B of the sun, 388, Explained, 
895. a, 

Fnt/e, comet of, 584. and Appendix. 

Field of view, 160. 

Fixed stars. Sec Stars. 

Fizeau, his measure of the velocity of 
light. 545. 

Flora, discovery of, 505. 

Focus, upper. Its momentary change 
of place, 670. 671. Path oi', in virtue 
of both eleiTHiits of disturl>ing force, 
704. 'I'raced in the case of the 
moon’s variation, 706... And par- 
allactic inequality, 712. Circulation 
of, about a mean situation in planet- 
ary perturbations, 727, 

Force, metapliysical conception of, 439. 

J'Weed vihrution, principle of, 650. 

Forces, disturbing. See .Disturbing 
force, 

FoucauUy bis jjGiidulum experiment, 
245. c. His gyroscope, 245. /i. llis 
determination of the velocity of 
light, 357. o., Note F. 

Friction as possibly a source of the 
sun’s heat, 400. 905. a..., 387 c o. 
Note G. 

G. 

Galactic circle, 7 93. Polar distance, ih . 

Galaxy comjiosed of stars, 302. Sir 
\V. ITerscliers conception of its form 
and structure, 786. Distrilmtion of 
stars generally referable to it, 786. 
Its cour.se aiaongthe constellations, 
787... Difficulty of conceiving its 
real form, 792. 7\lcscopic analysis 
of, 797. Jn some directions unfa- 
thomable, in others not, 798. 

Ga/Zc ( Dr. ), 506. Finds Neptune in 
place i ndica ted by theory, 768. First 
notices tlie interior ringnof Saturn, 
522. 


Galloway, his researches on the sun’s 
proper motion, 85.5. 

Gascoigne, 158, 

Gaspnris (Sig. De), discovers a new 
planet (Appendix). 

Gauging tiie lieavens, 793. 

6Vorca#nc longitude, 503. Place, 371. 
497. 

Geodeskal measurements, — their na- 
ture, 247. 

Gcograph y, 1 1 1 . 129... 205. . . 

Glaisher, his balloon ascent, 32. 

Glasses, darkening, 204, c. 

Glohc, artificial, an experiment with, 
245. ji, 

67(>/>w/ur clusters, 865. 7'heir dynami- 
cal stability, 866. Specimen list of, 
867. 

Golden number, 922. 

Goodric/uu his discovery of variable 
stars, 821. 

Goldschmidt. {See Asteroids.) His 
observations of Sirius, 859. Note 

J. 

Gravitation, how deduced from phoeno- 
mena, 444... Elliptic motion a con- 
sequence of, 490... 

Gr«r%, center of, jfic Center of gravity. 

Gravity diminished by centrifugal 
force, 281. M easu res of, statical, 234. 
Dynaniieal, 235. Force on the 
moon, 433... On hodu .s at surface 
of the sun, 440. Of other planets, 
me tlieir nanu s. 

Greenwieh, latitude of, 123. 

Gregorian reform of calendar, 915. 

Gyroscope, 2 15. A... * 

H. 

Ilahitalnllty of the moon, 4.36. a, h, 

Ihufley, his sextant, 194. His expla- 
nation of the trade winds. (Se^ 
Winds.) 

Halley. His comet, 567, Notices 
acceleratioji of n)oon*s motion, 710. 
First notices proper motions of’ the 
stars, 8,52. 

Hansen. Ills detectloi! of long inequa- 
lities ill the moon’s motions, 745... 

Harding discovers duno, 505. 

Harvest itioim, 428. h. 

Heat, supply of, from son alike in 
summer and winter, 368. Howaireci- 
ed by changes in the earth’s orhit, 
.369. b.,, liow kept up, 400. Suti’« 
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t'xpcixliUire of, estimated, 3f)7. Re- 
ceived from the sun by ditreront 
|)liinets, 508. Endured by cuinets 
in perihelio, 592. 
discovery of, 505. 
above the sea, how measured, 
286*. Mean of the continents, 289. 

JJrliocentric place, 372. 408. 500. 

Ildionteter^ 201. 

JJelioScnpc^ 204. c. 

2 ft!>uf spheres, terrestrial and aqueous, 
28*4. 

Ilenche discovers llebe and Astra;a, 
505. 

Henderson, liis detcrminatiof- of the 
imralhix of a Centauri, 807. 

Ilersehel (SirWni.), discovers Urtinns, 
.C'O,?, and two siitellites of Saturn, 
548. His method of gaiif^ing the 
heavens, 793. Views of the slruc- 
Hire of the Milky Way, 786. Of 
nebular subsitlencc, and sidereal ag- 
gregation, 869. 874. Ilis catalogues 
of double stars, 835. Discovery of 
their binary connexion, 839. Of 
tbe sun’s proper motion, 854. Clas- 
sifications of nebulae, 868. 879. note. 

Jlersi'hcl (IVIi.ss C.), comets discovered 
l>y, 597. Nebula discovered by, 874. 

licrsehel (Vvoi\ A. S.), bis observations 
of meteors. Note N. 905. eia.jj j, 

Ilersehel (Lieut. J, ), bis observations 
of iiebuhn, Note K. 896. <7., 896 h h, ; 
of solar e(4ipses. Note O. 

Hind, Ins calculation of tbe return of 
comets, 574. Classification ofcohiets, 

<t01. 

Hippfxrchtts, 281. 

Hodpson, bis observations of a pbacno- 
menon in tbe sun, 387, Note G. 

Horizon^ 22. Dip of, 23. 19.5. lia- 
tiornil and scnsilile, 74. Ct4ostial, 
98. 113. Artificial, 173. 

Horizontal point of a mural circle, liow ; 
determined, 175. 

Horroches, 158. 

TTomt circles, 136. 113. Glass, 150. 

Hupgins ( W. , Ksq. ), his observations on 
new star in Corona, 8;>1. ; on the 
spectra of iiibulaj, Note K. 896. 
h h ; of tlie red prominences project- > 
ing from the sun. Note O ; of the 
tails of comets. Note (). 3V5.dd; 
of Sirius, Note J. 859. b b. 

Humboldt, his determination of fhe 
mean heights of continents, 289. 

Hurr ieanes, 245. 5. j 

llp^tnon, .548. 


I. 

lapetusy 548. 

Uhimination of field of view, 204. a. 
Red, its advantages, 204. b. Of 
wires, 204 b. 

Immersions and emersions of Jupiter’s 
satellites, 538... 

Inch, Britisli, rcMuarkable relation of 
to the length of tbe earth’s axis of 
rotation, 223. a., Note D. 

IndinalioH of tbe moon’s orhif, 406, 
Of plani ts’ orbits disturbed by ortho- 
gonal force, Cl 9. IMiysical impor- 
tance of, as an element, 632. Mo- 
mentary variation of,estiniated, 63:>. 
Criierion of momentary increase or 
diminution, 63.5, Its changes peri- 
odical and self-correcting, 6:16. Ap- 
plication to case of the moon, 638. 

Tttclinati(rns, staliility ofj Lagrange’s 
theorem, 639. Analogous in tlieir 
perturbations to excentricitles, 699. 

Indictions, 923. 

Inefjmditp. Parallactic of moon, 712. 
Great, of Jupiter and Saturn, 720... 

Inequalities, indiqicndent of excentri- 
city, tlieoiy of, 702... Deptiiident 
on, 719. 

Instrurnent-uieikm^, its difliculties,! 31. 
K<]uatoriaI, 185. Alt-azimutb, 187, 

histruinentai errors, lio w detected, ] .39. . . 

Instruments, theory of, 140... 

Intercalntion, 916. 

Iris^ discovery of, 505... 

Iron, meteoric, 888. 

his, {See table of Asteroids.) 

J. 

James (Sir 11,), bis prcjection of the 
sphere, 283. Ills measure of at- 
traction of Artliur’s Scat, 776. «. 

Julian ]K‘riod, 924, Date, 930. Re- 
formation, 918. 

Juno, discovery of, 505. 

Jupiter, ])hysical appearance and de- 
.scription of, 511. Kllipticlty of, 
512. Pelts of, .512. Gravity oil 
surface, 508. SateHites »of, 510, 
535. Their use for determining 
longitudes. 266. Seen witliout sa- 
tellites, 543. Density of, 508. b. 
Recommended as a photometric 
standard, 783. Klements of, etc. 
{See Synoptic Table, Appendix.) 
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Jnpitcr and Saturn^ ihctr inutvial |ilt- 
turbations, 700. 

K. 

Xti/er, bis mode of measuring small 
intervals of time, 150. Ills colli- 
inator, 178. 

Kepler, bislaws, 852, 487. 489. Their 
physical interpret ition, 490... 

L. 

Lagging of tides, 753. 

LagrangtyUii^ theorems respecting the 
stiibilitv of the planetary system, 
639. 66^ 701. 

Laplace accounts for the secular acce- 
leration of the moon, 740. 

Larissa^ eclipse of, 933. .And Table, 
926. 

Lassell^ his observation of spots on 
Jupiter's belts, 512. Ilis discovery 
of Ariel ami Umbrid, 557. Of an 
cigUtb satellik; of b;;uurn, Hype- 
rion, 548. His observations at 
Malta, 551. 

jMiifudt', terrestrial, 88. I'arallels of, 
89, Mow ascertained, J 19. 129, Kb- 
mer's inode of obtai niug, 24S. On a 
spheroid, 247. Celestial, 308. He- 
liocentric, ]»ow calculated 500. Oeo- 
ctaitric, 503, Of a phna: invariable, 
31. Of Greenwich, 123. 

Laws of nature bow arrived at, 139 
S«d)(»rdiuate, a])|)ear first in form i>f 
errors, 13,9. Kciiler’s, 352. 487... 

J ^rap'Vrar, 917. 

Levely spirit, 176 Lines, 2S9. Sea, 
285. Strata, 287. 

Leverrier, 506, 507. 767, 

LexelL cornet of, 585, 

Lihration of tlic moon, 43.5. Jh.>w 
availed of for stereoscopy, 430. a., 
Note H. Of apsides, G94. 

Light, aberration of, 33 1 . Velocity of, 
331. How {jsccrtaiiKMl, 54.3. Over- 
rated, its correction, 357. Note!’. 
Equation of, 335- Extinction of, in 
traversing sjiacc, 798. Distance nica- 
sureaWiy its motion, 802... Ofcerialii 
stars conijiared witli the sun, 817... 
Effect of its motion in altering ap- 
parent period of a douldc star, 863. 
Zo<liacaI, 897. 

Limits, ecliptic. {See Eclif»tic limits.) 

Locti! time, 252. 

Loch per N., E.s<|.), his spectro- 

scopic observation.s, Note O. 


I Lohrmajitiy his charts of the moon, 437. 
I Lonthm, center of the terrestrial liemi- 
j sphere, 284. 

Longitude, terrestrial, 90. How deter- 
mined, 121.251... Hy chronometers, 
255, By signals, 204. By electric 
teJograph, 262. By shooting stars, 
265. By Ju])itcEs satellites, &r.,266. 
By lunar observations, 267.. . Celes- 
tial, 308. Mean and true, 375. He- 
liocentric, 500. Geocentric, 372. 503, 
Ot' Jupiter’s satellites, curious rela- 
tions o(‘, 542, 

Lunar distances, 367... Volcanos ami 
cratcMS, 430. a.. Note H. 

^ Lunation, (synodic revolution of the 
j moon), its duration, 418. 


M. 

Machar, his mcasurcTncnt of* arc at 
the Cape, 220. Jlis rediscovery u( 
d’Arrost's comet, 601. 5. 

Magellanic clumL, 892... 

Magnetic storm, remarkable, 387. a. 
Note G. 

Magnetism, tcrnistrial, connected with 
.spoi.s on the sun, 394. c. 

Magnitudes of stars, 780... ( aannion 

and photometric scales of, 780... 
And Ajipendix. 

Ids observation of Sattini, 522. a, 

J/f/p.v, geograpliical. construction of, 
273. Celestial, 290... Of the moon, 
437. Brojections used in, 246. 280... 

Mark, nieridiari, 190. • 

Mars, phases of, 484. Gravity ort .sur- 
face, 508. Continents and seas of, 
510. Elements (Ap]>eudix). no- 
tation on its axis, 510 

Maskehjne, Ids measure of attraction <4* 
a mountain, 770. c. 

Masses phimUs determined by tlieir 
satcldles, 532. B>y lladr mutual 
jierturhiitions, 757. Of Jupiier'.s 
satellites, 758. Of the moon, 759. 
Of tlio sun and planets, f>vei’-t;sti- 
mated, correction, 3.57. a,. Note F, 

Mean motions of Jnfiiier's satellite.s, 

' singular relation of, 542. Do. of 
Saturn’.'^, 550. 

Menstrual e<piation, 528. 

Merrator^s projections, 281. 283. 

Mercury, synodic revolution of. 472. 
Velocity in orbits. 474- Stationary 
j points of, 476. B]uisck,4 77. Greatest 
1 elongaii/ms, 482. Tnmsits of, <V^.3. 

I Heat received from sun. 508. Bliy- 
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appearance and description, 
509. Klcmcnts of (Appendix). 
AAv'/J/V/m, terrestrial, 85. Celestial, 101, 
Line, 87. 190. Circle, 174. Mark, 
190. Arc, how n)eiisure<l, 210. Arcs, 
leiif^ths of, in various latitudes, 216. 
Leri'^tli of a decree of, ia feet, 221. 
liis eatiilop<ue of iiehiila*, 80.5. 
iU'teors,H()H. Periodical, .900, . . Hci«;htv; 
of, 001. Itecent (iiscoveru.\s res})eet- 
iiig, Note N- OfAog. 10 and Nov, 
18, their orhits, 90.5. f Note N. 

disctjvcry of, 505, 

yjichell, his itiveniion of the t(a*sioa- 
bnlaiice, 776. h. Its applicpiioii to 
measure density of ilic earth, 776. u 
His sjHjculaiions on the distribution 
of .stars, 8‘5:b 

M urrometers^ 199... l)oiibIc imagt;, 

200.. . TVsiiion, 201. 

jMilJitf way. {See. Galaxy, 302.) 

All mas., 550., and note. 

Mines, oseill if ions of pendulum iu,833, 
Mira Ceti, «2C). 

Mitchell (Miss), ]u;r discovery of a 
couK't. 5.58. 597. 

Alonth, luiuir, 418. 9ol. note. 

MorinAn:)' motion amoinrtiHi; stars, 401. 
Di-stance of, 40.3. Maj^nitiulc and 
Iiori/onial par.all.ix, 404. Aiigmen- 
tafioti, 404. Her or bit, 405. Hevo- 
lutioii ol' nodes, 407. A ides, 409, 
Occultatieii of .^(ars by, 414. Pija.sc.s 
of, 4 1 G. Brightness of surbice. 417., 
note. -Med UCS8 ill eclipses, 422. SL 
di'.real and synodic revolution, 418. 
Physical constit ution of, 429... Des- 
titute of semsible atmosphere, 431. 
Mountains of, 430. Volcanic cra- 
tcTvS of, 430. a., Note H. Climate, 

431.. . Inhabiiant.s. 434. Habita- 
bility, 436. a, h. Libration, 435. 
Vi.sibJe in total eclipse, 424. note. 
Harvest, 428. h. liilliience on wea- 
ther, 4.32. and note. Kotation on 
axis, 435. Appearance from earth, 
436. M aps and models of 437, 430. a. 
8tereogra|)liic ri'presentation of, Uj. 
lieal lorm of orbit round tlie sun, 
452. Gravity 4^11 .surface, 608. Her 
mass atid dimsity. {See Synoptic 
Table ot Elements, HI.) Motion of 
her nodes and change of iuclimition 
explained, 638... Motion of apsides, 

676.. . Variiifion of exceutneity, 

688.. . Parallactic inequabty, 712. 
Annual equation, 738. Evection, 
748. Variarioii, 705... Tides pro- 
dirtecd by, 751. 


Motion, apparent and real. 1 5. J^iur- 
nal, 52. Parallactic, 68. lieUuive 
and absolute, 78... Angular, how 
measured, 149, Proper, of stars, 

852.. . Of sun. 854. 

Mountains, their proportion to the 

globe, 29. Of the moon, 430. At- 
traction of, 776. d. 

AJowna Uoa, 32. 

A/urn/ circle, 168. 

N. 

Nabanassar, era of, 926. 

' Nadir, 99. 

, Nasmyth (Jas., Esq), his discovery of 
the willow-leaved structure of the 
j snn’.s photo.sphore, 387. a , Note G. 

} Hi.s model of lunar craters. Note 1. 
i Nebulm, clas.sifieations of, 868. 879, 
note. Law of distribution, 868. 
ivv.solvable, 870. Elliptic, 873. Of 
Andnnnoda, 874. Annular, 875. 
Planetary, 876. Coloureil, i5. Dou- 
ble, 878. Of sub-regular forms, 881, 
SS2. Irregular, 8 S3. Of Orion, 
885. Of Argo, 887, Of Sagit- 
tarius. 888. Of Cy gnus, 89 1 . M iss - 
hig, 896. a.. Note K. Variable, *5. 
General cataltugue of, ib. Spectro- 
scopic obsi'rvations otj Note K- 

Scbidar hyp(ttjie.sis, 872. 

Nebtdvus malic r, 871. Stars, 880. 

JSejjinne, discovery of, 500 7 68, l*er- 
turbations ])roduc*.ed on Uranus by, 
analysed, 765... Place indicuited by 
tiieoiy, 767. Elemcmtii of, 771... 
Penurbiiig forces of, on Uranus, 
gfcomeU ically exhibited, 773. 'Their 
eilects. H i.., Its periodic time, 774. 

Newton, his theory^ of gravitation, 490 
passim. 

Nodes of the sun's ccpiator, 390. Of 
the moon's orbit, 407. Passage of 
planets through, 460. Of planetary 
orbits, 495. i\;rtiirbation of, 620... 
Criterion of their advance or recess, 
622. Keecde on the disturbing or- 
bit, 624... Motion of the moon’s, 
theory of, 638. Analtjgy of their 
, variations to those of perihelia, 
699. 

Nomenclature of Saturn’s satellites, 

548., note. 

Nonayesimal point, how found, 310. 

Noon, mean and apparent, 378. 

Normal disturbing force and its effects, 
618. Action on excentricity and 
perihelion, 673. Action oh lunar 
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apsides, 676. Of Neptune on Uni- i 
nus, its effee.ts, 775. 

Nuheculcv, major and minor, S92.., 
Number^ golden, 922. 

Nutntion, in wluit consisting, :V21. 
Period, 322 C’oinmon to all e^-.Ies- 
lial bodies, 323. Explained on pli>- 
sical princiides, 648. Mode of cor- 
recting for, 325. 


O. 

Oberon, 551. 

Object glass, divided. 201. 

Objects, test for telescopes, 836. 

Oblajuily of ecliptic, 303. Prodnccsf 
the variations of seasr^ri, 362, 
Slowly diiniiiislnng, and why, 640. 

Observation, astronomical, its pvaai- 
liarities, 138. 

Occultation, perpctiinl, eircie of, 113. 
Of a star by tin? moon, 4)3.,. ' )f 

Jnpiter'.s satellites by the bo<iy, 
541. or Saturn’s, 549. 

Olbers discovers Palla.s and Vesta, 50.5. 
H is hypothesis of the partial opacity 
of space, 798. 

Omar, his pri posal for a rule for bis- 
.scxtiles, Note A., 926. 

Opacity, {>artiai. of .sj/ace, 7(*S 

Oscillations, forced jivirn-iple of, 6.50. 

Orbtts of planets, their elements (Ap- 
jjendix) of douhlo stars, 843. Oi 
(‘.oniets. (See Cornets.) 

Orthogonal disturlriug force, and its 
effeets, 616. 619. 

Orthoyraphic projection, 280. 

l\ 

Palifzch discovers the v.ariahiiity of 
Algol, 821. 

Pallas, <lis(‘overv of. 505. 

Palm trees, their disappearance from 
tIndetM, 369. c. 

Parallactic instrument, 1 8.5. J nequality 
of the moon, 712. Cf jdancts, 713. 
Unit of sidereal distances, 804. Mo- 
tion, 68. 

Parallax, 70. Geocentric or diurn. d, 
.339. iielioccniric, 341. Tloriztmtai, 
355. Of the moon, 404. Of the 
son, 3.57 479. 481. Over-estimated, 
its probable correction, 357, a.. 
Note F. Of Mars, ih. Annual, of 
stars, 800. How investigfited, 805... 
Of particular stars, 812, 813. 815. 
Systematic, 862. KlTecl of, on lunar 
distances, 271- As a uranegra- 


phical correction, 341, Calculation 

(4, ,338. 

Paris, hjngitndo of, 262. 
i*ca/i of Tenerilfe, 32. 
J\aiduluni-vlock, 89. A measure of 
gravity, 235. 

Pendulum used as a measure of gra* 
vity, 235. Seconds, length of, 225. 
Ftuicault’s, 245. e... Used to mea- 
sure density of the earth, 776./, g, 
/VwMw/;n/, 420. Of solar spots. (See 
Spots.) 

Perigee, 368 a. Of the moon, 406. 
Perihelia find exeentricities, iheorj of, 

670.. • 

Perihelion, 368. Of the earth, its ])e- 
riod of revolution, 366. b. Klfect 
of its revolution on reasons, 3(i9. b, 
l^ongitude of, 4 9.5. Passage, 496. 
Heat endured hy comets in, 592. 
Period, Julian, 924. Ot Planots ( A p.) 
Periodic time of a V'oily revolving ai the 
cart Ids snrfaec, 442, < >1' plain ts, how 
ascertaiiual, 48('.. Law of, 488.(.)f a 
disturlied planet pennaneiuly al- 
teretl, 734... 

Periodical s\iX\'s, 820... List of, 825. 
f*e.rspertire, celestial, 114, 
Perturbatiojis, f» 02 ,,. Of Uranus hy 
N»>ptuue, 767... 

his researches on parallax, 815. 
On proper motions of star?*, 859. 
Phases iyi' \\\o moon explained, .116. 
Of Merenry and Venus, 465. 477. 
<Jf superior |*larn.', ts, 484. 
Photographic i\ presentation i>f the 
moon, 457. • 

I 'hotamefru: scale of star magnitudes. 
780. 

I'holomefry of stars, 78*3 
Piazzi discovers Ceres, 505. 

}*icard, 1.58. 

}*iddington on Cjelono-s, 215. d. 

Pigatt, variiihle .stajs discovered by, 
824. . 

Places, mean and true, 374. Geometric 
and lielioeemrie, 371. 497. 

Planetary mdnihe, HI fi... Note K. 
Planets, pyj. 4.55. Apparent motions^ 

457.. . Stations und relrogra»la- 
tions, 459. Kefercnee to sun as 
their eenier, 462. Community of 
nature v/ith the earth, 463. Ap- 
jiarent diameter.^ (jf, 464. Idiases 
of, 4G5. inferior and superior, 476. 
Transits of (see t ransit). Motions 
explained, 468. Distances, how 
r.oneliidod, 471. Periods, how fouml, 
472. Bynodical revolution, 472. isO 
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Superior, their stations and rctrogra- 
dations, 485. jMagiiitudc of orbits, 
ho\y concluded, 485. Elements of, 
495. (.See Appendix for Synoptic 
Table.) ])cnsiti(?s, 508. Physical 
jKH'uliarities, &c., 509... Illustratioii 
of their relative sizes and distances, 
520. J>ivision into classes, 525. a. 

ric/nt(nnou)\h\s calculations respecting 
ilie double comet of Bicla, 583. 

rftiades, 865. Assignc<l by Miidler 
as the central point of tlui sidereal 
system^ 861. Bright ncluila dis- 
covered in, 896. (/., Note K. 

riimh-linCtdiYQX'tUm of, 23. ITscof, in 
observation, 175. On a splieroid, 219. 

Pe/y.vow, his observation of variable stars, 
825. Discovery of asteroids, (5cc 
Synoptic Table.) Ilis observation 
of a temporary star in a globular 
cluster, 896. Note K. 

Polar distance, 105. Point, on a mural 
circle, 170. 172. 

Polar>zalum, 387. 

Polarizing eye-piece, 204. d. 

Poles, SS. 112, 113. Of ecliptic, 307. 
Their motion among the stars, 317. 

Pole-star, 95. Useful for finding the 
latitude, 171, Not always the same, 
.318. What, at epoch of the build- 
ing of tlie pyramids, 319. 

Pores of the sari’s surlace, 387. Ex- 
7 >laiiicd, 398. In what consisting, 
.387. fl.. Note G. 

/VwiO'ozi, angle of, 204. Micrometer, 7*5. 

Pouillet (M.), his measure of solar ra- 
diation, 397. a., note. 

Powdl (E. B., Esq.), Iiis elements of 
double star orbits, 843. flis ob- 
servations of a variable nebula, 
896. rt., Note K. 

Powell (Prof.), his explanation of the 
gyroscope, 34,5. j. 

Pra:sepe, Cancri, 865. 

Precession of the equinoxes. 312. In 
what consisting, 314... Elfcets, 313. 
Physical explanation, 642... 

Priming and lagging of tides, 753. 

Principle of areas, 490. Of forced 
vibrations, 659^ Of repetition, 198. 
Of conservation of xm oiva, 663. 
Of eollimation, 173. 

PrilcJiard{\Ut\, C.), his verification of 
the wihow-leavcd structure of the 
sun’s photos j)her -, .387 , Note G. 

Problem of three bodies, 608, 

Problems in plane jistionoray, 127.. 

309... 


Projection of a star on the moon’s limb, 
414. note. 

PvojevAions of the sphere, 280... A 
simple .and convenient described, 
283. Of equal areas, 283. h. 
Proper motions of the stars, 852. Of 
Sirins,incqualities in, 859. Probable 
explanation of, 859. a.. Note J, Of 
tlic sun, 853. 858, a.. Note L. 

Pgr am ids, 319. 

R. 

Radial disturbing force, 615... 
Radiation, solar, on planets, 508. On 
comets, 592, 

Rate of clock, how obtained, 293. 
Reading off, methods of, 165. Oi>po- 
site elfectof in eliminating errors, 14 1 . 
Redjield on liurricanes, 245. rf. 
Reduction of astronomical observa- 
» ions, 3.36. 

Reflecting circle, 197. 

. Rfjlectors, large, how collimated, '20A,f. 
Reflexion, observations by, 173. 
Reformation of calendar by Cmsar, 9 1 8. 
By Augustus, 919. By Pope Gre- 
gory, 932. Proposal by Omar for, 
906, Note A. 

Refraction, 38. Astroiiomic.al and its 
effects, 39, 40. Measure of, and l.avv 
of variation, 43. How detected l)y 
observation, 142, Terrestrial, 4 1. 
Ib>\v best investigated, 191. 

Reid (Sir W.), on hurricanes, 245. d. 
Repetition, principle of, 198. 

Resistance of ether, 577. 
Retrogradations of planets, 459. Of 
nodes. (*See Nodes.) 

Reversal, principle of, 161, 

Reynaud (M ), his speculations on va- 
riation of climate, 369. c. note, 

Rhea, 548. note. 

Right ascension, 108. How deter- 
mined, 293. 

Rings of Saturn, dimensions of, 514. 
Piuenomena of their disappearance, 

515.. . Equilibrium of, 518... Mul- 
tiple, 521, and Appendix. Interior, 

521.. . Apiicaraticc of, from Saturn, 

• 522. Attraction of, on a ])oij[it witli- 

in, 735. note. 

Rising and setting of celestial objects, 
time of, 128. 

RUtenhouse, his principle of collirna- 
i tion, 17li. 

Rochets used as signals for longitude 
54.5. 
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Jiojisc (Earlof), hisgrciUrrfloctor, S/l). 
8S2. IlisaccoHntol Mebn)a;,870. 882. 

Rotation^ diurnal, 58, Its elfect on 
fi<Xuro of the earth, 221, Of the 
r'ivth demonstrated, 231... Paral- 
lactic, 68. Of planets, 509... Of 
J u pit c r, 512. Of fixed stars on their 
axes, 820. 

llurnkcr (Madame), her discovery of 
a comet, 597. 

Russell, his charts and globe of the 
moon, 137. 

S, 

Sadler, two sunrises and snn.sets ob- 
served !)y, in 0 !ie day, 20. 

Safford (Professor), his researches on 
the proper motion of Sirius*, 851#. a., 
Note J. 

Saras, 426. 

Satel/iti's d’ Jn]bter. 511. Of Saturn, 
5 1 8 . 5 4 7 . No ; vit n e 1 a t u re of, 54 8 . no te. 
Jbniiarkable relation of periodfl 
among, 550. Discovery of an 
eighth, 548. Of Uranus. 523. 552. 
Of Neptune, .524. 5.5.3. Uscal to de- 
termine masses of their primaries, 
532. Obey KejVicr’s laws, 533. 
Eclipses of Jnpiters, 535. . . Longi- 
tude determined by (see I Auigitudc), 
Kehitions among tlieir motions, 512. 
Other phsciioinena of, 540. Their 
dimensions and massifs, 540. Dis- 
covery, 641. Velocity of light as- 
certained from, 545. 

Saturn, remarkable deficiency of den- 
sity, 508. Rings of, 514. {See 
Rings.) Physical description of, 
514. Satellites of, .547. and Appen- 
dix, (6Vc also elements in Appen- 
dix.) 

Schehallien, its attraction measured. 
776. e. 

Schmidt, his observations of solar 
eclipscs, 395. 

Schubert ((4cn.), his determination of 
the dimensions and figure of the. 
earth, 223. a,. Note D. 

Schwabe, his discovery of periodicity 
of solar spots, 394. a. Of cxcentri- • 
city of Saturn’s rings, 519. note. 

Sea, proportion of its (lci»tii to radius 
of the globe, 31. .Il.s action in mo- 
delling the external form af the 
earth, 227. * 

Seasons explained, 362... Tempera- 
ture ^f, 3C6. 

Sector f zenith, 192. 


Secular variations, how detected, 385. 
Explained, 655... 

Selenography, 437. 

Sextant, 193,,, 

Shuhiiv^ dimeiision.s of the earth’s, 422. 
428. Cast liy Venus, 267. Of Ju- 
piter’s satellites seen on disc, 540. 

Shooting stars, 115. Used for finding 
longitudes, 265. Periodical, 900. 
(.SVe Meteors.) 

Sidereal thiw, 110. 143. 910. Year. 
(6V'c Year.) J>ay, 144. (Nee Day.) 

Signals, rocket, 545. Telegraphic, 
259... 

Signs of zodiac, 380, 

Sirius, ha parallax and absolute ligiit, 
8 J S. Its revolution about an un.seen 
center, 859. Small com))anions of, 
8.PJ. rt.. Note .1. its recess from the 
sun, do. 85 9, /> b. 

Situation, angle ot, 311. 

Solar cycle, 921. 

Solstices, 363, 

Space, question as to its absohito 
ir;msp.‘»reney, 798. 

penetrating poiver, 803. 

Sphere, 95. Projections of, 280. At- 
traction of, 735. note. 

Spherical excess, 277. 

Spheroid, attraction of, 238. 

Spheroidal form of Earth (see Earth) 
produces inequalities in the moon’s 
motion, 749. 

Spots on Sun, 389... Seen with naked 
eye, 387. 394. a. Size of, 386. Na- 
ture of, 389. Movernoiits of, 390, 
Duration of, 394. Pcriodicitjfr of, 
394. rt. Connection wdth our sea- 
sons, 394. 5. 

Spring, ]>roposcd use of for determining 
variation of gravity, 274. 

Slandards of length, weight, and ca- 
paeit}^, 223. a.. Note D. 

Slurs, visible by day, 61. I'ixed and 
ernuie, 297. I'ixcd, 777... Their 
apparent magnitudes, 778... Com- 
])ari.son hyaii astromoter, 783. Law 
of distribution over heavens, 785... 
alike, in cither heraisphere, 794. 
Parallax of certain, 815. Discs of, 

816. Real size and absolute light, 

8 1 7. Period i cal, 820,. . ’Pcinporary, 
8*27. Irregular, 830. Missing, 832. 
Double, 833... Coloured, 851, and " 
note. Proper motions oi‘, 852. Ir- 
regularities in motions accounted 
for, 8.59. Clusters of, 864... Ne- 
bulous, 879.. Nebulous -double, 
880. 
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St(ffio 7 inry\iomtfiof planets, 459. How 
(Icteriniued, 475. Of Mercury and 
Venus, 476. 

Stereogranis of the moon, 430. o., Note 
H. 

Siereographic projection, 281, 

Stivklastadt eclipse of, 926. and Table, 
933, c. 

Stones meteoric, 899. Great shower 
of, ib. 

Struve^ his researches on the law 
distribution of stars. 793. Discovery 
of parallax of a Lyrtc, 813, Cata- 
logue and obscrvaticujs of double 
stars, 83,5. ‘ 

(Otto), his researches on proper 
motions, 854. His coiijecture of the 
iueicasc in breadth of Saturn’s ring, 
522. a. 

Style, old atid new, 9,32. 

Sun, oval shape and great siiiC on 
iKifizoii e\ j)iaint--d, 47. Apparent 
motion not uniform, 347. Heams 
converging, 115. Orbit elliplic, ,349. 
Greatest and least apparent diainc-. 
ters, ,348. Actual distafi«-c, 3,57. 
Overrated, its probable correction, 
,3.57. rr.. Note F. Magnitude', 358. 
Hotation on ax s, ,3.'>9. 36 '(>. Note (J. 
387. cc. Mass, 449. Physical con- 
stitution, Spots, if/... Its par- 

allax, 3.55. Light, not polarized, 
,387. note. Its inteii.r cuvclo|U‘, 
389. a. Its pores, :J87, ,3^7. </., 
Note G, Willow-leaved stru. tore 
of its photosphere, ib. Facuia', .388. 
Situation of its equator, 390... 
Maculiferous zones of, 393. At- 
mo.sphere, 39.5. Its rose-ecdourod 
clouds, 39,5. Note O. ,39.5. b h. Re- 
lative illmniiiation of center and 
border.s, 38f>... 395. Temperature, 
396. Expenditure of heat, 397. 
Action inpr()ducing winds, &c. 399. 
Speculation on cause of its heat, 
400. and note, 9C)5. o, h. KcHj>scs, 
420, Density of, 449. Natural 
center of planetary system, 462. 
Distance, bow determined, 479. Its 
size illustrated^ 526. Action in pro- 
ducing tides, 751. Proper motion 
of, 8.54... 858, o, 5, c. Note T.. 

Absolute velocity of, in space, 858, 
C'eutral, speculations on, 861. 
Sunsets, two witnessed in one day, 26. 
Superpoaithm of Buuill motions, 607, 
Survey, trigonometrical nature of, 274. 
Sgnoiiic revolution, 418. Of sun and 
moon, ib. 


System, solar, its motion in space, 
858... 

T. 

Tails of comets, spectra ofi Note O, 
395. dd. 

Tangential force and its effects, 618, 
Momentary action on perihelia, 673. 
Wholly inlluential on velocity, 660. 
Produces variations of axis, z7j,.. 
Double the rate of advance of lunar 
apsides, 686. Of Neptune on 
Uranus, and its efiects, 774. 

Telegraphic signals, 259... 

Telescope, .54. Its application to as- 
tronomical instrunu.i'.ts, 117. For 
viewing the sun. {See Melioseope.) 

'Telescopic sigiit.s, inveiition of, 1,58. 
note. 

Temperature of eartii’s .surfjier atdilfe.- 
rent seasons, 366. In Soutb Africa 
and Australia, 369. Of tlie sun, 

396. 

Tempotary stars, 827. .• 

Tethys, .548. note. 

ThaU-s. eclipse of, 933. ei. 926. Table, 

Theoddlile, 192. Its use in surveying, 
276. 

Theory of instruinen tal errors, 141. Of 
gravitation, 490... Of iu IjuIous .‘^tib- 
sidencG and sidereal aggregation, 
872. 

Thojn.snn {Vyo?. Sir W.), lii.s e.stunate 
of the .sun’s expenditure of beat, 

397. a. lii.s theory of the .source of 
do., 905. a. 

Tides, a .^y.stem of forecil oscillations, 
651. Explained, 750... Priming 
and lagging of, 753. I’eriodical in- 
equalities of, 755. Instances of very 
high, 756 

Ttme, sidereal, 110. 327.911. Local, 
129. 152. 252. Sidereal and solar, 
143. Mean and ajq>arent sidereal, 
327. Measures angular motion, 
149. IIow itself meusureil, 150... 
Very small intervals of, 150. Equi- 
noctial, 257. 925... Measures, units, 
ami reckoning of, 906... Required 
• for light of stars to veach tlwj earth, 
802. 

Titan, 548. note. 

7V//?/.s' (Prof.), Ins law of planetary dis- 
tiinces, 505. note. 

Torsion bapuiee used to measure den- 
sity of the eanli, 776. i. Torsion 
balance to measure the variation of 
gravity. Note E. 
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TraJe Windsy 

l\-nns(t hisirianent^ 

TraJisits ol' 152. Of plinu'ts 

across the sun, 467. Of Venus, 479 
. . . M ere nry , 483. Of Ji i ) > i satel- 

lites acrOvSS disc, 540, Oi their slia- 
dou’S, 549. 

Transparency of S|)ace, supposed bjr 
Olbeis iiJi})eifect, 798. 

Tranfiversal disturbing force, and its 
efl’ccts, 615... 

Triangles iU-oonditioned, 275. On an 
elli}).soid, 27(5. 

Trigonometrical survey, 274. 

TropieSy 93. 380. 

TwUighlf 44. 

U. 

Umhra in eclipses, 420. Of Jupiter 
538. 

lJ)nhriely .551. 

( Ji a.mniniphijy 111. 300, 

Urauographii'ul corrections, 3412.. . 
Ih'obhaiis, 127... 309... 

Ura n enn rtrt/y 118 . 

UramiSy discovery of, 505. Heat re- 
ceived from sun by, 508. IMiysical 
description of, 533. SntelliteK ot, 
551. Pei turbations of by Neptune, 
760... Old observations of, 760 
Its periodic time, 776. Its .action 
on the November meteors, 9()5. fih. 

V. 

Vajiishing point of parallel linos, 
116. Line of paral lol plaues, 117. 

Variable stars, 820. vt. sap 

V'at iatimiotthe moon explained, 705.., ; 

Variations of eleTiients, 053. Eerio- : 
dical and secular, 655. Incident on 
the epoch, 731. 

Velocity, angular, of sun not uniform, i 
.350. Linear, of sun not uniform, i 
351. Of planets. Mercury, Venus, 
and Earth, 474. Of light, 545. Over- 
estimated, its probable correction, 
357 a.. Note F. Of .shooting stars, 
889. 904. Of Sirius, Note.!. 859- 5 h. 

Fcwm.v, syyodic revolution of, 472. Sta- 

• tiormry points, 476. V elocity of, 474. 
Phases, 477. Point of greatest 
brightness, 478. Transits of, 479. 


Physical description and app(‘ar- 
ance, 509. Inequality in earth’s 
tnotion ])roduced by, 726. In that 
of the moon, 743... 

Vcrtii.ery 165 - 197 . 

VWtical, prime, 102. Circles, 100. 

I'estu, di.sctivcry 505. 

; Via LacAea. ( See Galaxy. ) 

Vdlarceau (M. Yvon), his orbits of 
doubio stars, 84.3. 

Vukanos, lunar. 430. a,. Note 11. 

W. 

Wati rMche<^, 289. 

llxrt//c/\vu/<, his theory of the sun’.s 
Itcjii, 905. a, 

Wright of l»odies in dilTerent latitudes, 
j 322. Of a body on the moon, 508. 

' On the sun, 450. 
j Wheatstone, his measurement of tfie 
' velocity of electricity, 545. His 
• method of stereograph ing the moon, 

437. n.. Note I. 

; Whipple, his phoU)graphB of the moon, 
i 4.37. 

WilLov^leaved forms observed in the 
sun’s photosphere, 387. a., Note. G. 

Winds, trade, 240... 

Winneeke (M.), his proposal for ol)- 
serving the parallax of Mars, 357, tx.. 
Note F. 

Wiiie (Madame), her models of the 
moon, 437. 

Wolf, liis period of the solar spots, 
.394. a. 

Wollaston (Dr.), his estimate of thy 
liomparativc light of the sun, moon, 
and stars, 81 7., , 

Y. 

Year, sidereal, 305, Tropical, 38.3. 
Anomalistic, 384., and day incom- 
mens irahlc, 91.3. .Leap, 914. ()( 

confusion, 917. 9.32. Beginning of. 
ill England changed, 9.32. 

Z, 

• 

' ;^.enitli, 99. Sector, 192. 

Zodiac, .305. 

1 Zodiacal light, 897- 
I Zones of eliniate and latitude, 382. 
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